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ABSTRACT:  Fhotographic  and  spectral  observations  have  been  made  of 
the  earliest  stages  of  HE  explosions.  Strong  (in  the  neighborhood 
of  Mach  number  »  20),  non- luminous  airehocks  have  been  photographed 
as  close  in  as  1/2-charge  radius  free  the  explosive  surface.  3he 
present  results  support  earlier  observations  on  the  existence  of  a 
transmitted  alrshock  created  by  the  detonation  shockwave. 

The  spectra  obtained  show  no  evidence  of  the  expected  shocked -air 
species.  Identification  of  the  spectral  features  Bu^ests  that  the 
Intense  early  light  of  an  explosion  is  created  within  the  fireball 
by  a  wide  range  of  chemical  species  requiring  from  about  2  to  20  ev 
for  excitation. 
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This  is  the  third  report  of  a  series  (see  RHBLIN  1962,  19^3  in 
References,  Section  0}  exploring  the  origin  of  shockwaves  frees 
condensed  explosions  in  air.  As  in  the  earlier  two  reports,  so  here, 
the  origin  of  shockwaves  remains  elusive.  Time-honored  concepts  are 
questioned  and  even  challenged  1  highly-shocked  air  is  not  observed 
to  be  luminous.  Hew  ideas  are  advanced  in  a  tentative  fashion: 
perhaps  the  luminosity  observed  in  explosions  and  hitherto  identified 
as  shocked  air,  is  not  hydrodynamic  in  origin  but  due  to  the  inter¬ 
action  of  explosion  particles  with  the  air. 

During  the  course  of  this  investigation,  standard  techniques  have 
been  used  as  well  as  novel,  new  ones.  Pressure-tlae  measurements 
have  been  attempted  along  with  ionization  probe  efforts.  High-speed 
photography  has  been  extended  to  include  spectrographic  techniques. 

Old  theories  have  been  reviewed,  analyzed,  and,  in  some  instances, 
abandoned  in  favor  of  new  concepts  better  fitting  the  interpretation 
of  the  experimental  data.  But  Ihe  interpretations,  analysis,  theory, 
indeed  the  procedures  and  instrumentation  employed  in  these  investi¬ 
gations  are  themselves  subject  to  question  and  disagreement.  Indeed, 
in-house  discussions  on  the  validity  of  the  techniques  and  interpre¬ 
tations  have  been  lively  and  informative  but  non-conclusive.  Ferhaps 
this  is  as  it  should  be  for  exploratory  studies  —  honest  and  critical 
discussion  and  presentation  of  tdea3  without  necessarily  reaching 
absolute  conclusions.  It  is  so  kith  this  study  and  this  report. 

The  origin  of  shockwaves  has  not  been  proved  but  in  the  process  of 
the  search,  much  new  information  on  shock  behavior  has  been  uncovered. 
The  rich  spectral  characteristics  of  explosions  are  reported.  Novel 
and  ingenious  methods  for  detecting  shocks  are  described;  many  of 
these  techniques  should  have  significance  in  futbre  explosions  work. 
Old  ideas  have  been  questioned  and  new  ones,  perhaps  as  shaky  as  the 
old,  are  advanced.  This  leads,  at  least,  to  an  uncovering  of  long 
standing  problem  areas,  and  hopefully  to  revitalizing  efforts  to 
solve  the  problems.  So,  although  many  questions  and  arguments  can 
be  and  are  rai  ;ed  with  respect  to  this  report,  it  is  published  essen¬ 
tially  as  written  by  the  author,  as  a  significant  and  stimulating 
contribution  to  knowledge  of  the  origin  of  explosions. 
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OK  THE  ORIGIN  OP  SHOCKWAVES 
FROM  CONDENSED  EXPLOSIONS  IK  AIR 

Part  3:  Airshock  Radiation  from  Snail  Explosions 
at  Sea-Level  Conditions 


1.  INTRODUCTION 

1.1  Background.  Several  years  have  no*  gone  by  since  the  appear¬ 
ance  of  Part  2  of  "this  series  of  reports  on  the  early  stages  of  an 
explosion.  During  this  tine  a  number  of  experiments  have  bean  con¬ 
ducted  y  ai*ed  at  clarifying  hovr  a  shockwave  is  created  by  an 
explosion.  The  need  for  these  experj meats  arose  out  of  the  contra¬ 
dict  ory  results  of  Parts  1  and  2,  In  Bart  1  (RUDLIN,  1962)* ,  we 
claimed  that  the  earliest  hydrodynamic  disturbance  created  outside  a 
spherical  condensed  charge  was  the  transmitted  airshock  —  resulting 
from  the  passage  of  the  detonation  shock  across  the  explosive  boundary 
into  air.  This  mechanism  is  in  distinct  contrast  to  the  situation 
whe.e  the  explosion  products  act  like  a  spherical  shock  tube  to  create 
an  airshock. 

With  the  transmitted -shock  mechanism  in  mind,  we  thereupon  planned 
a  series  of  8-lb  explosions  of  TNT  charges.  These  were  made  of  dif¬ 
ferent  densities  so  as  to  change  the  details  of  the  transmitted 
airshocks  —  thereby  changing  the  airshock  pressures  even  out  to  large 
distances  and  simultaneously  establishing  the  significance  of  the 
transmitted -shock  mechanism.  We  could  not,  however,  detect  any 
differences  in  the  airshock  pres sure -distance  cur\ ?s  from  these 
explosions  (RUDLIN,  1963).  We  concluded  Part  2  on  these  negative 
results  with  the  hope  that  further  experiments  and  theoretical 
treatments  would  be  performed  to  clarify  the  early-time  explosion 
phencxaena . 

Theoretical  calculations  of  TNT  and  pentolite  explosions  have 
now  been  published  (LUTZ13?).  We  report  on  the  experiments  that  have 
been  performed  in  this  report. 

1.2  Scope  of  this  Report.  The  most  vital  assumption  of  Part  1 
was  that  the  luminous  front  moving  out  into  air  at  earliest  times 
frcrc  an  explosion  is  the  airshock,  exciting  air  to  radiate  during  its 
propagation.  All  measurements  and  interpretations  were  based  on  this 


*  References  ax*e  given  in  alphabetical  order  in  Section  6, 
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assumption  --  almost  universally  accepted  as  axl elastic  (see.  for 
example,  ZEL'DOVICH  and  RAIZER),  During  the  course  of  our  experiments 
we  §egan  to  have  reasons  to  question  the  validity  of  this  assumption. 

Initially,  our  experiments  were  primarily  devoted  to  obtaining 
pressure  measurements  simultaneously  with  u -second  photography  cf 
an  explosion  so  that  we  could  correlate  photogrsphs  (like  those  of 
Part  l)  with  p-t  records  (like  these  of  Part  2)  at  earliest  timee. 

We  ran  into  many  difficulties  with  the  pressure  measurements  (e.f,, 
Appendix  C)  some  of  which  we  thought  could  be  avoided  by  use  of 
spectral  measurements.  We  speculated,  for  example,  that  we  could 
distinguish  a  "strong11  shock  from  a  "weak"  shock  by  finding  atomic 
lines  in  the  spectra  of  the  "strong"  shock  as  contrasted  with  molecular 
bands  to  be  expected  from  the  "weak"  shock.  We  were  never  able  to 
detect  in  our  spectral  measurements  those  species  expected  from 
shock-excited  air;  i.e.,  we  have  not  found  any  radiation  attributable 
to  the  airshock  (c.f,.  Appendix  A). 

There  are  several  possible  sources  of  light  in  an  air  explosion 
at  the  earliest  times  --  (A)  the  airshock,  (3)  ths  explosion  products, 
(C)  Interactions  between  the  products  and  the  air.  (A)  Excitation 
processes  by  the  airshock  could  produce  light  at  or  near  the  shockfront 
and  even  throughout  the  shockwave  for  those  processes  that  require 
larger  excitation  times.  (A  description  of  this  sort  of  a  radiation 
model  is  given  in  Appendix  D  from  the  work  of  Adushkin.)  (3)  The 
explosion  products  themselves  could  produce  chemiluminescent  reactions 
during  the  expansion  of  the  original  explosive  materiel,  which  reactions 
do  not  require  the  presence  of  any  outside  gas,  (We  have  not  found 
any  suitable  references  in  the  literature  for  such  a  model  of 
explosion  luminosity,  but  this  model  certainly  is  possible.) 

(C)  Particles  produced  by  the  explosion  could  interact  with  the 
outside  gas  producing  luminosity  which  depends  on  the  nature  of  the 
gas,  (Evidence  for  this  model  on  13-S£n  explosions  of  pentolite  spheres 
was  obtained  by  REED.  In  these  explosions,  we  should  note  that  the 
airshocks  appeared  after  the  luminosity  measurements  were  over.)  It 
la  possible  that  on  a  given  explosion  that  light  could  be  produced 
by  any  one,  or  more  probably  some  combination,  of  the  above  mechanisms 
during  the  earliest  stages  of  explosion.  The  most  generally  accepted 
model  today,  however,  is  (A)  --  airshcck-produced  luminosity.  Such 

airshock  radiation  has  been  found  to  be  compatible  with  present 
theoretical  estimates  of  t£e  equilibrium  radiation  obtainable  from 
shock-excited  air  species. 

When  we  failed  tc  detect  the  presence  of  shocked-air  radiation  in 
our  spectra  of  explosions,  we,  then* ** attempted  to  detect  the  existence 
of  non-radiating  airshocks  fran  HE  explosions  at  the  earliest  times 
after  explosion.*  We  have  used  pressure  sensors,  ionisation  sensors, 
Doppler  microwaves,  and  high-speed  photography  m  our  experiments  to 
detect  the  early  airshock. 

*  Personal  oorasuni cation  of  22  Dec  19^5  from  Dr,  M.  ?,  Sherman,  General 
Electric  Space  Sciences  Laboratory,  on  high^temperature  air  radiation. 

**  We  take  zero  time  to  be  that  of  ths  first  appearance  of  light  froen 
the  explosion. 
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In  the  test  of  this  report  we  present  photographic  evidence  of 
strong,  non-radiating  airshocke,  In  Appendix  A  we  repo  *„  our  spectro- 
graphie  measurements  and  make  comparisons  with  t\  eoretical  predictions 
for  shocked  equilibrium  air.  In  Appendix  C  we  report  our  experiences 
in  attempting  to  detect  the  iirshock  with  simple  pressure  and  ioniza¬ 
tion  techniques.  Although  th»  3e  pressure  and  ionization  records  are 
not  satisfactory,  we  have  deduced  frczn  them  a  new  ecodel  to  fit  our 
empirical  observations  which  we  propose  for  the  release  of  energy 
from  ah  explosion  (Pig.  C-8). 


HOLTB  69- 7* 

2,  EXPERIMENTAL  PSTAIIS  : 

« 

2,1  Usmr&I,  All  ch&rgtts  were  fired  in  ths  open  at  the  East  I 

Haags  of  ?nF“8envar  Research  Institute.,  under  the  direction  of  ; 

-John  Wiaotski,  Over  onz  hundred  explosions  were  observed  by  five  ; 

photographic  spectrogrsphe  and  by  several  electronic  detectors,  I 

Wavelength  capability  ran  free  about  2500  to  9000  I*  Time  resolution  1 

capability  ranged  fres  none  to  a  \c  -seconds  on  both  photographic  i 

and  v  Ail  C-  spectrographs,  Simultaneous I*;  ^-second  photography 
observed  the  overall  ®  spies  ions.  Most  experiments  were  performed  with  -  « 

8-lb  spheres  of  pentolite.  But  explorations  *?ere  made  over  a  charge- 
weight  range  front  about  0,5  to  ICO  lbts  and  included  several  explosive  * 

satarials  and  charge  shapes.  A  t&buiaticsi  of  charge  material,  weight,  *  * 

and  shape  is  gives  in  table  1,  ! 

Seme  views  of  the  experimental  set-ups  are  shown  in  Figures  1-5. 

Set-ups  varied  slightly  from  shot  to  shot  to  meet  requirements.  The 
following  description  fits  most  cases: 

(!)  Charges  Here  fired  at  ~12  ft  above  the  ground  in  front 
of  a  sectcglite  screen,  illuminated  b7  an  Air  Force  Flash - 
lasap  {D-6;  to  bring  out  shockwaves.  The  B-6  was  located  at 
the  Instrumentation  Station,  typically  60  feet  away.  Charges 
were  usually  held  in  position  by  a  cardboard  tube  rapport; 
no  nets  or  ropes  were  allowed  on  the  charge.  All  explosions, 
even  with  liquid  explosives,  were  initiated  by  a.r»  Engineer's 
Special  (Hercules)  Detonator,  usually  positioned  into  the 
top  of  the  charge  sad  pbinted  toward  the  ground.  Power  for 
the  detonator  was  obtained  from  a  5000v  circuit  across  1 
uf&r«d  (~  1  ohm  resistance).  Reproducibility  of  detonation 
tiise,  except  for  charges  cooled  to  -50°F,  was  found  tc  lie 
within  1  t  •  3  '►sec.  Detonator  ringing  was  usually  a  feature 
on  oscilloscope  records,  lasting  f  r  about  5-10  iigec. 

(2)  The  B*cfcnan-**'hit!ay  cameras  were  housed  within  one  of  the 
instrumentation  shelters  (c,f..  Figure  1),  about  60  feet 
awsy  fr«a  the  charge.  Oscilloscopes  and  other  electronic 
equipment  were  housed  within  the  other  shelter-.  Both  shelters 
were  mads  by  cutting  a  refinery  "arum”  in  half,  The  Becksan- 
Vfhitley  cameras  looked  at  the  explosion  by  means  of  a  fr^ot- 
-urfp.ced  mirror  located  ~A  feet  outside  of  the  shelter,  A 
controllable  shutter,  depositing  lead-vapor  onto  glass,  was 
placed  In  the  path  of  light  to  the  camera  to  cut  off  light-  at 
the  desired  time.  Despite  the  high  attenuation  of  the  lead- 
vapor  3hutter,  some  explosions  were  so  intense  that  explosion  1 

light  burned  through  the  shutter,  overwriting  the  desired 
frames  of  the  earliest  stages  of  the  explosion.  The  other 
cameras,  Pynafax,  Pas»tax,  etc,  were  uaec  out  in  the  open, 
looking  directly  at  the  explosion.  Similarly,  the  spectro¬ 
scopes,  both  photographic  and  electronic,  were  used  in  the 
open.  Scree time s  lenses  were  used  to  increase  the  light 

"SStytSfeon" Tor  aerial  night  photography  st  we-d i ub  and  ley 
altitudes  (Manual  AH  lC-3f\J-l). 

k  ? 
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the  spectroscopes  were  focused  directly  on  the  charge  surface, 
thereby  collecting  light  frcsn  all  sources  capable  of  radiating 
light;  sometimes  they  were  focused  ahead  of  the  charge, 

(3)  Clbse-ih  detection  of  the  airshock  (within  about  10  charge 
radii  (&Q))  was  attempted  with  tlirow-awo^  gages.  These 
throw-away  gages  were  made  of  micarta,  roughly,  0.003  x  7  x  2 
inches  into  which  1/3  x  0.004-inch  quartz*  discs  were  inserted. 
In  the  early  versions,  the  leading  edge  of  the  micarta  was 
rounded  concavely  to  fit  onto  the  surface  of  the  charge  and 
leads  were  painted  on  with  conducting  paint.  Later,  the 
leading  edge  was  pointed  and  hardwire  leads  were  soldered  to 
the  discs,  the  entire  unit  being  coated  with  a  silicone 

resin  lacquer  (Q.  C,  Electronics  Co.).  The  quartz  discs 
were  used  with  gold -chrome  and  silver- chrome  coatings 
(Valpey  Corporation),  At  larger  distances  than  10a  ,  tourmaline 
gages  free  Tulsa  Laboratory  were  used.  These  sase0gages 
were  used  earliei  '-o  obtain  the  data  of  Part  2. 

(4)  Attempts  to  monitor  ionization  were  made  by  using  lead 
discs  in  &  condenser-discharge  circuit.  These  discs  were 
about  3/4  inch  diameter  and  about  I/16  inch  thick.  Prior 
to  the  explosion,  a  0.002  ufd  condenser  was  charged  to  its 
full  voltage  by  a  90v  source.  So  long  as  the  resistivity 
across  the  explosive  remained  sufficiently  high,  the  oscil¬ 
loscope  trace  stayed  at  a  neutral  position.  When,  however, 
the  detonation  wave  within  the  explosive,  created  enough 
conductivity  from  the  center  of  the  explosive  (where  the 
copper  case  of  the  detonator  ended)  to  the  edge  of  the  charge, 
the  condenser  discharged,  recharging  upon  removal  of  a  suf¬ 
ficiently  conducting  path.  Ionization  was  also  monitored 

on  &  small  number  of  explosions  with  3-cm  Doppler  microwave 
i ns  t rument at ion.** 

2.2  Cameras .  The  Beckman- Whit ley  Model  192  camera,  producing 
about  80  frames  at  u-second  rates  was  used  on  each  shot  from  #1 
to  #107.  For  later  shots  Model  139a,  with  2?  frames,  wa3  used.  ^ 

Camera  speeds  were  varied  over  a  range  from  about  250,000  to  1.2  x  10" 
fps,  the  former  figure  being  most  often  used  as  appropriate  for  our 
requirements , 

Most  of  the  explosions  had  some  additional  camera  coverage  from 
one  to  all  of  the  following: 

a.  Bynafax:  nominal  25,000  fps;  75sm  f/3.5  lens  with  i-t»sec 
stop, 

*  A~qnarts  di3c,"  loaded  hydrostatically  on  both  circular  sides,  is  known 
to  produce  no  electrical  signal.  In  our  use  in  the  throw-away  gages, 
times  to  equilibrium  for  the  quartz  crystalline  structure  appear  to 
have  been  long  enough  to  produce  a  signal  suitable,  at  least,  to 
indicate  the  existence  of  a  pressure  pulse. 

**  The  author  is  indebted  to  Mr.  Donald  L.  Jones,  then  at  the  Boulder 
Laboratories  o?  the  National  Bureau  of  Standards,  for  making  these 
mi crowave  mea7  urements . 
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b.  Fast&x:  nctninal  5000  fps;  50m  f/8  lens 

c.  Eastman  High  Speed:  nominal  2500  fps;  63mm  f/2  lens. 

2 . 3  Spectrographs  (Photographic) . 

a.  Cenco:  Orating,  Catalog  No.  87102.  Inverse  dispersion 
~16  A /mm,  No  time  resolution. 

b.  ^ Jarrell-Ash:  Orating.  Model  No.  78-000.  Inverse  dis¬ 
persion  —11  a/r».  No  time  resolution. 

.  c.  Hilger:  Prism,  Medium  Quartz  E498.  Inverse  dispersion 
~5  A/nm  at  2200  A ,  -38  A/ran  at  4000  X ,  and  200  a /mm  -at  7500  I .  No 
time  resolution.  Field  of  view  at  charge  (60  feet  away)  when  used 
without  a  lens:  36  x  30  inches. 

d.  Cine  Spectrographs:  The  streak  instrument  moved  70mm 
film  at  25mm/millisec ;  the  frame  instrument  discontinuously  produced 
2  spectra/mi llisec.  The  basic  instrument  has  beer  described  by 
STEWART  and  HARRINGTON.  Inverse  dispersion  by  prisms  varied  on 
both  fran  about  40  A/mm  at  2700  l  to  about  400  A/mm  at  6000  X. 
Millisecond  time  markers  were  automatically  provided  on  both  instru¬ 
ments.  A  novel  feature  of  the  frame  spectrograph  ie  the  availability 
of  light  attenuators  so  that  five  different  images  of  the  spectrum 
can  be  recorded  simultaneously,  at  transmission  values  of  100,  30, 

10,  3»  and  1  percent.  Both  instruments  are  built  sturdily  for  use  in 
the  open.  Our  two  spectrographs  were  of  Canadian  design  and  manu¬ 
facture  and  differ  in  minor  details  fran  the  descriptions  by  STEWART 
and  HARRINGTON.  Lenses  were  seldom  used  on  these  instruments,  which 
we  estimate  have  effective  f/numbers  of  about  f/6.  In  such  use. 
without  a  lens,  the  field  of  view  of  either  is  about  20  x  20  feet  at 
oO  feet  away. 


e.  AVCO  Streak  Spectrograph:  This  instrument  was  developed 
by  the  Denver  Research  Institute  especially  for  use  on  these  explosions. 
Matched  Eastman  Aero-Ektar  f/2. 5  lenses  are  used  for  condenser  ani 
collimator  lenses,  so  as  to  present  a  1:1  image  ratio  to  the  60° 
dense -flint -glass  prism.  The  slit  system  used  is  the  Hilger  &  Watts 
P  1386  symmetrical  aiit.  A  Bausch  &  Loisb  f/4.5  10-inch  lens  is  use- 
to  focus  the  slit  onto  the  rotating  mirror  of  the  AVno  camera 
(Model  MC300-1).  This  mirror  streaks  the  spectrum  onto  two  pieces  of 
?Cws  film.  As  used ,  these  filrot,  were  often  of  different  spectral 
response  to  obtain  more  comprehensive  coverage  per  shot.  We  estimate 
the  effective  f /number-  to  be  about  f/6. 

Writing  speeds  up  to  — 3.3mm/usec  can  be  obtained.  Most  often  we 
found  that  a  speed  —l.pnaa/Vsec  was  appropriate  for  these  explosions. 

Ho  timing  markers  were  available. 


'Ire  indebted  to  Dr.  P.  A.  Tate,  DREO,  Ottawa  for  making  these 
spectrographs  available  to  us. 
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In  use,  the  A.YCO  has  always  been  focused  wlJh  ® 

sswrvs  fc*«aajM!W 

between  Rg  lines  5^60  and  5780  X,  ~2J7  X/vs&. 

2 . 4  Spectrographs  (Electronic), 

BRI  for  obt»lSi«!thrao2tSStditaImtSSSSb<i?’: rldlatora  and  designed 
photodiodes  lot  the  S«“ed  to  reed  JW-card  holes)  «re  placed  on 

22  ^T?s,.tSrTS.,s5^tt«  SoSs  SmoVi— 

SI  Sb  Two  different  Py-I  versions  were  used  for  these  exneri- 
SStst  We  list  the  band  passes  for  both  (10g  transmission  points). 


Shots 

40-84 

Shots 

84-117 

Range 

Peak 

Range 

Peak 

Band  0 

5160-5840  i 

5330  A 

4350-5300  i 

4550  A 

Band  1 

5500-6350 

5910 

4850-5900 

5350 

Band  2 

6000-7150 

6500 

5400-7000 

6400 

Band  3 

6650-8200 

7310 

6350-9500 

7200 

Band  4 

7500-5660 

8480 

8100-11,250 

5500 

Pore -optics  were  used  to  see  an  area  2-3  in.  in  height  by  1/4  3/4-in, 
in  width  at  the  charge.  This  accepted  light  passed  to  a  mirror  and, 
finally,  to  a  prism  before  reaching  the  photodiodes. 

b  Other  photoelectronics:  Although  the  rugged  and  reliable 
Py-I  was  the  workhorse  for  photoelectronic  measurements,  upon  occasion, 
ether  detectors  were  used.  These  include  Solar  Cells,  1.^8,  931, 

SD-100.  In  ail  cases  these  were  u3ed  without  fore -optics  and,  ^  „ 

fore,  viewed  the  entire  presented  area  of  the  explosj.on.  These  signau 
were* fed  to  oscilloscopes  with  u -second  resolution. 
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2.5  Oscilloscopes ,  Two  4-beam  oscilloscopes  (Electron  Tube 
Corporation,  Model  K-4&0)  were  available,  giving  a  total  of  8 
available  channels  for  recording.  Sample  records  from  Shot  55  are 
shewn  in  Figure  C-2. 

2.6  Films .  A  variety  of  films  was  used.  On  the  cameras,  color 
films  were  almost  universally  used  —  primarily  Eastman  High-Speed  ER 
and  EF  Ektachrome. 

On  the  spectroscopes,  35mm  and  70nan  films  were  used:  Eastman 
Tri-X,  Shellburst,  High-Speed  Infrared,  2475,  and  2485. 

2.7  Calibration.  No  intensity  calibrations  were  made  since  our 
interests  were  qualitative .  Wavelength  calibration  was  placed  on 
most  spectral  films  by  use  of  a  mercury  lamp,  prior  to  each  shot.  The 
readily  identified  CN,  Ca,  Ca+,  and  NaD  wavelengths,  nearly  always  found 
on  each  explosion,  could  also  be  used  for  wavelength  identifications. 

2.8  Charges . 

a.  Various  explosive  materials  were  used: 

TNT  (cast  and  pressed) 
pentolite  (cast) 

PETN  (loose  powder  and  pressed) 

RDX  (loose  powder) 

NM  +  TKM  (nitreme thane  and  tetranitremethane,  liquids) 

RDX  +  TNM  (solid  below  critical  temperature) 

b.  Charges  were  usually  spherical  but  cones  and  rectangular 
blocks  were  also  fired  (see  Table  l).  Most  cast  charges  were  made  at 
the  Naval  Ordnance  Laboratory  and  shipped  to  Denver  for  firing.  Some, 
however,  were  cast  st  DRT.  All  explosive  materials  came  from  the  same 
lot  of  material  to  avoid  variations  from  lot  to  lot  of  the  "same 
explosive". 

c.  Only  one  type  of  detonator  was  used  for  all  explosions  — 
Engineer's  Special  (Hercules).  Only  one  failure  to  explode  was  en¬ 
countered  during  the  117  events. 
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FIG.  1  INSTALLATION  OF  INSTRUMENTATION  SHELTER  OVER  BECKMAN 
WHITLEY  CAMERA  AT  0R1  RANGE. 
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FIG.  3  SET-UP  FOR  8-LB  PENTOUTE  SHOT  98.  THE  DETONATOR  LEAD  CAN  BE  SEEh 
WHICH  IS  SUPPORTED  ON  A  CARDBOARD  TUBE.  BRIGHT  OBJECT  ATTACHED 
OF  CHARGE  IS  A  LUCITE  TURE.  BACKBOARD  IS  SCOTCHIITE  SCREEN. 
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3.  RESULTS 

3.1  Typical  Early  Explosion  History.  A  ^-second  Beckman-Whitley 
color  film  was  taken  of  each  explosion  using  a  scotchlite  background. 
Black-and-white  reproductions  of  selected  frames  from  a  sample  film 
(Shot  55)  are  given  in  Figure  6,  In  Frame  0  the  charge  has  not  yet 
been  bc»pletely  detonated.  The  loose-powder  charge  was  made  by  ka£d> 
packing  KDX  powder  into  a  5-inch  diameter  lucite  sphere.  Just  before 
firing  the  upper  lucite  hemisphere  was  removed,  so  that  we  see  initially 
in  the  films  two  different  surface  --  the  lower  hemisphere,  lucite; 
the  upper  hemisphere,  RDX  --  which  have  different  radiating  properties. 
The  four  pointed  objects  to  the  right  are  micarta  holders  for  pressure 
sensors  (Appendix  C),  The  grid  pattern  which  appears  in  the  back¬ 
ground  was  superimposed  onto  this  particular  film  prior  to  the  explo¬ 
sion.  The  light  grey  backgrounds  are  scotchlite  screens  used  to  aid 
in  visualizing  shockwaves. 

By  Frame  15  the  fireball  has  passed  over  the  quartz  discs  located 
close  to  the  points  on  the  holders.  The  dark  front  about  the  bright 
fireball  is  the  airshock,  which  we  can  recognize  more  easily  in 
later  frames  when  the  airshock  has  left  the  fireball.  The  bright 
spot  in  the  center  of  the  fireball  is  light,  created  at  the  scotchlite 
screen  by  the  explosion  products  being  suddenly  heated  up  by  the 
collision  with  the  screen.  The  opacity  of  the  RDX  fireball  is  much 
less  than  that  of  THT  fireball  and  the  "reflected"  light  created  at 
the  screen  easily  bums  through  the  RDX  fireball. 

By  Frame  27,  the  airshock  has  left  the  fireball  sufficiently 
behind  to  be  easily  recognizable.  At  this  stage,  the  airshock  has  not 
yet  achieved  the  smooth  front  that  appears  later  and  the  front  still 
carries  some  irregularities  from  the  expansion  of  the  explosion 
products.  We  can  see  in  this  frame  that  the  micarta  holders  have 
remained  intact  even  within  the  fireball. 

In  the  subsequent  frames,  the  airshock  can  be  seen  moving  farther 
away  from  the  fireball.  We  note  in  Frame  4l  that  radiation  is 
excited  at  the  support  for  the  micarta  holders  by  the  airshock.  The 
yellow  color  of  this  light  on  the  original  color  film  suggests  that 
this  light  is  from  the  sodium-D  lines, 

Airshock^  can  first  clearly  be  seen  on  our  ^-second  films  only 
when  the  fireball  has  expanded  to  3  or  4  a  (a  =>  1  charge  radius). 

These  then  appear  a3  non-luainous ,  black  fronts  propagating  away 
from  the  brightly  luminous  fireball.  The  time  taken  for  the  shock 
or,  better,  the  luminous  front  to  reach  3-4  a0  is  of  the  order  of 
tens  of  u-seconds,  i&y  30-50  ^sec.  By  such  times  most  of  the  light 
In  the  blue  arxJ  in  the  visible  has  disappeared  on  our  spectral  records, 
(c.f,.  Appendix  A).  To  find  spectra  from  the  airshock  itself  we 
needed  to  locate  the  airshock  at  much  closer-in  distances  than  3-4  aQ 
and  to  separate.  If  we  could,  the  airshock  radiation  from  the 
intense  fireball  radiation. 
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Many  of  our  experiments  were  planned  -coward  that  end.  We  need 
not  describe  them;  they  failed  to  reveal  a  luminous  close-in  shock. 

One  such  experiment,  for  example,  was  tried  twice  (#87  and  #38). 

The  intent  was  to  increase  the  temperatures  and  pressures  at  the 
front  of  the  airshock  by  colliding  it  with  another  airshock.  (We 
did  not  want  to  reflect  one  shock  off  a  target  --  that  would  only 
serve  to  increase  impurity  radiation.)  The  result  of  these  airshock- 
airshock  collision  experiments  was  to  create  more  intense,  longer 
lasting  wavelengths  from  fireball  species. 

3.2  Radius-Time  and  Derived  Pressures  .  Measurements  were  made 
of  the  luminous -front  growtn  (and  of  the  airshock,  if  it 

could  be  detected)  on  our  u -second  films.  These  were  made  on  a 
Telereadex  machine  for  direct  processing  by  an  IBM-7090  computer. 

The  results  are  given  in  Figures  7a  through  7e .  We  make  the 
following  comments: 

a.  Not  all  films  could  be  read  --  r-t  data  or  fiducial 
markers  were  missing,  edge  of  image  too  indistinct,  etc. 

The  films  are  not  all  equally  suitable  for  r-t  data,  since 
the  frame  rate  varies  over  a  wide  range.  On  many  films  we 
were  willing  to  obtain  less  sharp  images  (the  exposure  time 
per  frame  increases  with  longer  interframe  time)  in  order 
to  record  for  longer  times.  Typically,  the  non-luminous 
shock  cannot  be  separated  from  the  bright  fireball  until 
about  5  or  6  aQ.  In  Figure  7a,  we  purposely  separated  our 
films  into  two  groups:  slow  (interframe  time  ~4  ^sec  or 
more)  and  fast  (interframe  time  ~2  nsec  or  less). 

b.  We  measure  distance  from  the  center  of  the  charge  in 
units  of  the  radius  of  the  charge,  ap:  R/i0.  We  measure 
time  from  the  arrival  of  the  detonation  wave  at  the  surface 
of  the  charge.  We  first  see  light,  therefore,  on  the 
explosion  at  R/aQ  =  1  and  (t  4  t )/t  =*  where  t  is  the  time 
taken  by  the  detonation  wave  to  travel  from  the  center 

of  the  charge.  Because  the  detonation  wave  is  not  symmetrical 
and  does  not  break  out  all  over  the  charge  at  the  same  time, 
measurements  were  made  along  several  rays  emanating  from 
the  center  of  the  charge  and  corrections  were  made  to  a 
common  value  of  time  for  R/a0  =  1  and  (t  +  i)/t  =  1  along 
each  ray. 

c.  Plotted  in  each  Figure  is  a  solid  line  from  our  WTJHDY 
hydrocode*  for  the  theoretical  curve,  either  for  pentollte 
or  TNT. 

d.  We  see  that  the  experimental  scatter  is  large.  Partly, 
this  large  scatter  is  caused  by  our  not  using  the  highest 


*  These  calculations  are  similar  to  those  discussed  by  LTJTZKY.  They 
are,  however,  not  identical.  These  later  results  are  believed  to  be 
more  accurate  than  the  earlier  results  obtained  by  LTJTZKY  because 
of  a  number  cf  computational  improvements.  The  author  is  indebted  to 
Mr.  Delbert  L.  Lehto  for  carrying  out  these  new  WUNDY  runs. 
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camera  speeds  available;  hub  mostly,  we  think,  the  scatter 
is  inherent  in  the  explosions  themselves.  The  unusual 
behavior  of  pentolite  Shot  77  and  TNT  Shot  17,  lying  far 
above  the  other  explosions  is  mystifying;  we  have  not  been 
able  to  find  an  explanation. 

e.  For  explosives  other  than  TNT  or  pentolite  we  have  used 
the  pentolite  theoretical  curve  as  a  basis  for  ccospariaon, 
in  lieu  of  explioit  calculations  for  these  explosives.  The 
scatter  in  these  data  seems  less  than  that  for  TNT  or 
pentolite,  RDX  data  being  rather  reasonably  together. 

f.  Scattered  throughout  the  plots  of  Figure  7,  we  have 
included  arrival  times  for  p-t  and  ion  sensors  (see 
Appendix  C)  when  such  data  were  available.  In  some  cases 
agreement  is  fair  to  good;  in  others,  poor. 

With  the  r-t  data  from  these  explosions  we  should  have  been 
able  to  process,  by  one  of  our  computer  programs  (such  as  discussed 
in  LEHTO  and  BELLI7EATJ,  or  in  Part  2,  or  In  RUDI3N  1967),  the  data 
to  obtain  shockfront  pressures.  We  could  not  do  so. 

The  difficulties  lay  not  so  much  in  the  scatter  of  the  data  which 
is  troublesome,  but  more  fundamentally  in  the  nature  of  the  procedure. 
This  procedure  involved  fitting  an  arbitrary  function  to  the  r-t 
data  which  was  then  differenciated  to  give  B'nock  velocity,  these 
velocities  then  being  transformed  to  pressures  via  the  Rankine-Hugoniot 
relations.  We  found  that  the  fundamental  problem  was  that  these 
arbitrary  functions  (such  as  polynomials,  log  functions,  etc.)  could 
not  be  forced  to  fit  the  close-in  explosion  data  with  any  physical 
significance.  This  was  in  distinct  contrast  to  past  situations 
where  far-out  explosion  data  have  been  fitted  with  ease. 

A  new  data-h&ndling  procedure,  therefore,  had  to  be  developed, 
which  did  not  depend  on  arbitrary  functions.  We  used  the  slope 
between  successive  frames  of  a  given  film  to  give  a  velocity  value 
from  which  a  pressure  could  be  computed  from  a  real-air  equation  of 
state. 


The  results  from  this  computer  program  for  the  close-in  shock 
pressures  are  given  in  Figures  8a  through  8d.  The  scatter  in  these 
computed  pressures  is  so  large  that  we  have  not  drawn  any  "average 
curve"  through  theta.  Instead,  we  hare  superimposed  the  theoretical 
curves  of  pentolite  and  TNT  as  a  basis  for  comparison.  About  all 
that  we  can  conclude  is  that  the  theoretical  curves  make  fair 
"average  curves"  for  pentolite  and  TNT.  The  scatter  in  these 
pressure  results  is  real  —  that  is,  we  have  not  forced  it  in  by 
the  computational  procedure  --  and  we  can  do  no  better  because  the 
camera  data  themselves  have  large  scatter, 

3,3  Close-in  Alrshoek  Observations.  Airshocks  have  been 
routinely  observed  leaving  the  luminous  fireball  front  at  distances 
of  5  to  6  a0.  With  especially  good  observation  conditions  we  have 
detected  the  airshock  at  3  to  4  aQ. 
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On  three  occasions  we  were  able  to  photograph  airshocks  at 
distances  <  3  *<>•  They  are  especially  intriguing  because  they  show 
essentially  non-luminous  shockwaves  at  high  enough  pressures  and 
temperatures  that  we  should  expect  luminous  shockwaves. 

We  proceed  to  discuss  these  three  significant  experiments  in 
some  detail. 


a.  Experiment  (1)  Laser  Photography  (#89-100) :  We  planned 
to  filter  out  Tireball  light  as  much  as  possible  and  use  a 
laser  beam  to  locate  the  airshock  by  refracted  light  off 
a  scotchlite  screen.  A  set  of  shots  (#96,  97*  98)  is 
shown  in  Figure  9a  and  b. 

Pentolite  spheres  were  detonated  by  placing  detonators  at 
the  top  of  the  charge,  accounting  for  the  protuberances 
visible  at  the  top  of  charge.  Black  diagonal  stripes  were 
painted  on  the  usual  scotchlite  material  to  help  in  detecting 
the  airshock  at  an  early  time.  A  20-kilowatt  ruby  laser 
was  used  to  probe  for  the  airshock.  The  laser  beam  had 
broadened  to  an  ellipsoidal  shape  at  the  screen,  of  width 
about  4  a  .  The  laser  pulse  used  was  rather  odd,  consisting 
of  100-naHosec  pulses  every  2  ^.sec  for  a  total  pulse  duration 
of  ~C.5  millisec.  This  pulse  behavior  accounts  for  the  odd 
appearance  of  the  frames  shown  in  Figure  9.  Unless  a  frame 
on  the  Beckman-Whitley  camera  and  a  laser  pulse  happened 
to  fall  together,  no  light  would  have  been  observable  on 
the  scotchlite  screen. 

In  column  c.  Frame  3  (Figure  9a  and  c),  is  the  earliest  time 
that  we  have  detected  the  airshock  in  a  straight-forward 
pentolite  explosion.  A  bright  ring  or  halo  of  light  sur¬ 
rounded  the  fireball  in  Frames  1  and  2  and  we  see  only  a 
slight  indication  of  the  dark  shockfront  in  Frame  2.  In 
Frame  3  the  shock  first  clearly  appeared  --  a  dark  ring 
ahead  of  the  bright  halo  seen  in  Frame  2.  The  shock  con¬ 
tinued  staying  ahead  of  the  luminou3  fireball  throughout 
the  film.  Because  of  the  laser  and  the  filtering,  we  have 
reduced  the  time  for  first  obs«rvation  of  the  airshock  to 
about  4  nsec  and  the  distance  to  about  0.4  aQ  from  the 
original  charge  surface. 

We  summarize  these  laser  experiments:  with  suitable 
photographic  conditions  the  airshock  can  be  detected  at 
less  than  half  a  charge  radius  from  the  surface  of  a  pen¬ 
tolite  charge,  at  a  time,  roughly,  of  4  nsec,  The  airshock 
appeared  in  front  of  the  fireball  luminosity,  staying  ahead 
from  then  on.  By  30  usec,  or  ~3  a©,  the  airshock  began  to 
separate  from  the  fireball.  During  this  time,  4  tc  30  nsec, 
the  shock  speed  averaged  about  0.5  cm/nsec,  or  an  average 
Hach  number  of  M  =  17. 
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b.  Experiment  (2)  Convergent  Shocks  (#108  and  109):  With 


_ 3  yyiuc  ^ _ ^  ^ 

the  help  of  the  laser  light  source  we  Have  f ound  the  air- 
shock  at  less  than  1/2  a^.  But  where  is  the  airshock  before 
that?  The  fireball  light front  moves  so  closely  to  the 
airshock  during  these  earliest  stages  of  sn  explosion  that 
it  makes  observation  of  the  airshock  difficult,  perhaps 
impossible . 

What  we  needed  to  do  was  to  separate  the  shock  from  the 
fireball.  We  hoped  to  accomplish  this  by  converging  a 
section  of  a  spherical  explosion.  As  we  converged,  the 
shock  could  move  off  from  the  fireball  --  since  the  shock 
has  no  fundamental  limitations,  whereas  the  chemical 
reactions  creating  the  light  of  the  fireball  would  likely 
be  rate  limited.  We  planned  to  create  this  convergence 
by  ramming  a  spherical  charge  into  the  large  end  of  a 
conical  cavity. 


The  set-up  used  is  shown  in  Figure  1C.  The  cone  was  cast 
in  a  14-in  long  block  of  ice,  converging  from  about  a 
5. 8 -in  diameter  hole  at  the  large  end  to  about  a  0.5-ift 
diameter  hole  at  the  small  end.  A  mirror  was  placed  at  a 
slight  distance  from  the  small  end.  The  explosion  was 
illuminated  by  the  D-6  flash  lamp. 


In  the  first  frame  of  Figure  10  the  S-lb  pentolite  sphere 
had  just  gons  off.  In  Prase  4  the  charge  had  expanded  and 
a  luminous  front  within  the  cone  can  be  seen.  In  Frame  11 
this  luminous  front  was  just  about  ready  to  leave  the 
block  of  ice.  In  Frame  15  the  luminous  material  had  already 
moved  out  and  away  from  the  ice.  On  the  top  of  the  block 
a  dark  shock  can  be  seen  a  centimeter  or  two  ahead  of  the 
original  fireball.  This  non- luminous  shock  continued 
pulling  ahead  in  later  frames.  In  the  next  frame  shown, 

Frame  18,  this  shook  had  excited  some  luminosity  of  its 
own,  which  can  be  seen  at  the  foot  of  the  shock  and  rising 
Into  the  original  fireball.  Probably,  most  of  this  light 
is  from  the  Ka-D  lines.  In  the  same  Frame  38..  a  non- luminous 
shock  had  formed  about  the  ejected  luminous  material.  A 
second  puff  of  material  had  now  been  ejected  from  the  hole 
in  the  block.  Finally,  in  the  last  frame  shown,  we  see 
that  the  nen-iuminous  shock  about  the  ejecta  had  moved 
several  centimeters  away  from  the  material.  (On  the 
original  color  film,  the  first  puff  was  still  radiating 
in  brilliant  white  but  the  second  puff  had  cooled  to  a  much 
lower  intensity  than  the  first  puff.)  We  also  note  that  the 
shock  atop  the  block  of  ice  had  fallen  behind  its  luminous 
front,  which  had  now  steepened  and  climbed  up  behind  the 
shockfront. 


We  had  not  expected  the  phenomena  observed.  We  had  expected 
to  see,  first,  a  converged  airshock,  followed  by  the  material 
which  forms  the  fireball.  The  pictures  of  Figure  10  do  not 
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show  this  converged  airshcck.  Ins'  ••  .d  the  shock  seems  to 
have  been  formed  by  the  ejected  puff  of  material. 

But  we  have  observed  two  non-luminous  airshocks  •'.n  this 
experiment  --  the  ejecta  shock  and  the  shock  atop  the  ice  -- 
which  are  fairly  strong  shocks.  The  ejecta  shock  moves 
out  at  ~  0.4  cm/tisec  (H  =  13):  the  ice-block  shock, 
approximately  half  this  speed.  If  equilibrium  conditions 
could  have  existed,  the  ejecta-shock  speed  would  have 
corresponded  to  a  temperature  of  about  5500°K  and  a  pressure 
of  3000  psi. 

c.  Experiment  3  (#117):  An  airshock  has  also  been  observed 
closer  in  than  3-4  aQ  oh  a  hemispherical  explosion  of 
(KM  +  TNM) .  This  observation  was  accidential:  The  experiment 
was  designed  primarily  for  ether  purposes. 

Selected  frames  at  an  interframe  time  of  about  2  usee  are 
shown  in  Figure  11.  The  two  liquids,  nitromet.-ane  and 
te tranitrome thane ,  were  mixed  remotely  into  a  lucite 
hemisphere.  The  liquid  surface  was  left  open.  The  mixture 
was  fired  with  the  usual  Engineers  Special  detonator. 

The  brilliantly  luminous  mound  moved  off  the  top  of  the 
surface  while  the  entire  configuration  expanded.  By 
Frame  7,  a  dark  front  can  be  seen  on  the  original  color  film, 
moving  off  to  the  right,  a  fraction  of  a  centimeter  ahead 
of  the  luminous  mound.  This  non-luminous  shock  is  not 
readily  observable  in  the  reproductions  of  Figure  11.  It 
extends  from  the  top  of  the  original  liquid  surface  to  the 
bottom  of  the  bright  cap  of  light  on  top  of  the  mound .  In 
frames  after  the  first  appearance,  the  dark  front  can  be 
seen  advancing  slightly  away  from  the  expanding  right 
vertical  side  of  the  mound. 

The  shock  first  appeared  at  about  14  nsec,  when  the  mound 
had  expanded  about  0.8  a  and  the  lucite  bottom  had  expanded 
about  1.6  a0.  The  speedc-f  the  shock,  over  the  first  few 
frames  after  first  appearance,  is  roughly  0.6  cm/nsec  (cr 
about  M  =  20).  If  the  normal  Rankine-Hugionot  relations  had 
held  for  this  shock,  then  the  temperature  would  have  been 
10,0C0°K  and  the  pressure  about  8000  psi. 
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4.  CONCLUSIONS 

4.1  Alrshocks:  Non-Luminous .  We  have  attempted  to  understand 
the  earliest  behavior  of  explosions  in  air  through  use  of  photographic 
observations  and  other  instrumentation  discussed  in  the  Appendices. 

In  particular,  we  have  looked  for  details  on  when  and  how  the  airshock 
is  formed  by  an  explosion.  We  usually  have  not  been  able  to  observe 
an  airshock  until  the  explosion  had  expanded  to  5  or  6  charge  radii  (a0). 
At  about  this  distance  we  can  readily  see  a  dark,  non-lumincus  front 
(through  use  of  a  scotchlite  background)  the  growth  of  which  we  can 
tie  to  the  expected  airshock  from  an  explosion.  Under  exceptional 
observation  conditions  we  can  find  the  ncn-luminous  sbockfront  as 
close  in  as  3  to  4  aQ. 

Prior  to  3  or  4  a  the  airshock  cannot  be  distinguished  in  normal 
scotchlite  photography . from  the  lur  nous  front  (the  fireball)  produced 
by  the  explosion  processes.  With  t  •  aid  of  a  laser  light-source  and 
selective  filtering,  we  have  been  able  to  detect  the  airshock  within 
1/2  aG  of  the  charge  surface.  Not  until  about  3  a0  did  we  detect 
separation  of  the  airshock  from  the  fireball  in  these  laser  photographs. 
As  in  the  normal -scotchlite  photography,  we  distinguish  the  &ir3hock 
in  the  laser  photographs  as  a  non-lumihous  dark  front  observable  ahead 
of  the  brightly  luminous  fireball  and  have,  therefore,  labeled  che 
airshock  a  "non-luminous"  shock.*  Since  the  airshock  was  traveling 
at  speeds  greater  than  H  =  17  from  1/2  aQ  to  3  aQ,  we  might  have 
expected  -luminosity  to  have  been  produced  at  the  shockf rent. 

But  in  these  spherical-explosion  experiments,  confirmed  by  the 
convergent -cone  photographs  (Pig.  10)  and  by  the  liquid -explosive 
photographs  (Fig,  11),  we  have  observed  strong  air3hocks  without 
(significant)  luminosity. 

Perhaps,  the  dark  front  we  have  observed  is  not  really  a  shockfront. 
All  we  can  really  claim  in  a  scotchlite  experiment,  when  a  dark  front 
is  observed,  is  that  a  change  in  the  refractive  index  of  air  was 
present.  In  neutral  air,  a  change  in  refractive  index  can  only  be 
produced  by  a  change  in  density.  So,  we  can  claim  that  a  density 
perturbation,  perhaps  a  discontinuity,  moving  at  speeds  like  0.5  cm/usec 

^We  cannot  determine  the  radiance  of  the  airshock  with  respect  to 
the  irradiance  of  the  laser  beam  or  of  the  B-6.  In  the  scotchlite 
technique  the  shock  is  observed  by  refraction  of  an  external,  directed 
beam  of  light.  If  the  self-luminosity  of  the  shock  were  equal,  or 
greater,  than  that  of  the  beam,  it  is  unlikely  that  the  shock  would 
be  detectable.  The  observation  of  a  dark  front,  on  the  other  hand, 
suggests  that  the  self -luminosity  of  the  shock  is  less,  or  even  much 
less  than  that  of  the  beam  at  the  shock.  If  the  self -luminosity  of 
the  airshock  were  intense  enough,  then  we  should  have  observed  shocked  - 
air  radiation  in  the  spectral  measurements. 

**  Similarly,  non-luminous  shockwaves  have  been  noted  in  electrcjaagnetic 
shock  tubes.  HUNTENBRUCH  has  given  a  review  of  Western  observations 
with  T-tubes,  conical  theta  and  Z-pinch  tubes.  No  comparable  review 
of  the  extensive  Russian  work  has  yet  been  made. 

15 


i-s^isv'i*^  .'■^'  •rrxtfn 


NOLTfi  69-7^ 

were  observed  in  our  experiments .  For  our  money,  such  a  fast  moving 
density  variation  is  a  shock. 

We  make  no  attempt  to  explain  why  the  airshocks  in  these  explosions 
are  non-luminous t  although  several  explanations  might  be  proposed. 

We  would  like  to  emphasize  that  the  airshocks  and  the  luminous 
fronts  in  these  explosions  are  not  one  and  the  same.  In  our  experiments 
the  airshock  and  the  luminosity  front  could  be  considered  to  travel 
together  until  about  3  hy  5  or  6  a0,  the  airshock  haB  separated 
significantly  from  the  fireball.  For  other  explosives  or  other 
experimental  conditions,  saj  high-altitude  conditions,  these  numbers 
may  be  very  different.  The  point  is:  we  cannot  be  certain  of  the 
airshock  motion  by  looking  at  motion  of  the  luminous  front  in  HE 
explosions . 

**,2  Radius-Time  growth  and  Derived  Pressures:  The  radius-time 
data  frcxn  our  films  of  a  fiirly  large  number  of  explosions  display 
an  unexpectedly  large  amount  of  scatter.  Although  we  did  not  try 
to  optimize  these  date,  sacrificing  tia«-resolution  for  longer  viewing 
times,  we  do  not  believe  that  we  can  attribute  much  of  this  scatter 
to  the  measurements.  Rather,  we  think  that  explosion  luminosity  is 
by  its  very  nature  irreproducible.  This  point  of  view  is  net 
inconsistent  with  the  presence  of  ''impurities*  suggested  by  the 
spectral  analyses  of  Appendix  A. 

Airshock  pressures,  derived  freen  application  of  the  Rankine- 
Hugoniot  eo.uation  to  the  scattered  radius -time  data,  are  widely 
scattered .  But  there  does  seem  to  be  rough  agreement  of  the 
theoretical  pressures  with  an  "average'1  curve  through  the  data  for 
TNT  and  pentolite  explosions. 

4.3  Explosion  Spectra:  Host  of  the  information  recorded  on 
spectral  Tnslrumentation  come3  from  the  earliest  ^-seconds  of  explosion, 
when  the  explosion  radian  e  is  at  its  greatest  values.  If  shocked  - 
air  radiance  Is  to  be  observed  on  these  explosions,  it  3hould  be 
detectable  on  spectra  of  the  earliest  times  of  explosion.  Further, 
since  we  could  not  detect  the  airshock  closer-in  than  about  1/2  aQ 
with  photography,  we  were  especially  determined  to  find  some  evidence 
of  the  airshock  at  closer -in  positions  than  1/2  a  with  the  spectral 
observations. 

Bui  we  have  found  no  evidence  in  any  of  our  spectra  of  species 
that  we  would  have  expected  to  have  been  produced  by  an  airshock 
(Appendix  A). 

(The  spectral  results,  therefore,  do  not  aid  us  at  all  in 
understanding  the  airshock  phenomena.  We  include  our  spectral  results 
in  this  report,  primarily,  for  possible  use  where  intense  luminosity 
might  be  of  Jnterest,  3uch  as  laser  pumping,  or  for  possible  purposes 
cf  explosion  detection.) 
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5.  CONCLUDING  REMARKS 

We  began  th'  close -in  experiments  described  in  this  report  to 
clarify  the  details  of  airshcck  formation  that  were  first  examined 
in  Part  1.  Those  results  suggested  the  existence  of  an  airshoek; 
formed  at  the  surface  of  the  explosive  at  zero  time,  resulting  frcei 
the  transmission  of  the  detonation  shockwave  from  inside  the  explosive 
into  the  outside  air. 

We  arrived  at  the  existence  of  such  a  transmitted  shockwave  from 
observations  of  the  motion  of  the  luminous  front  created  by  the 
explosion.  We  thought  that  this  luminous  front  was  the  airshoek. 

We  were  wrong.  The  present  results  indicate  that  the  luminous  front 
is  not  produced  by  shock-excited  air  species.  However,  since  the  air- 
shock  and  the  luminous  front  travel  indistinguishably  together  in 
normal  photographic  films  until  about  3  or  4  aD,  our  conclusions  on 
the  existence  of  a  transmitted  airshoek  obtained  from  those  luminous - 
front  data  of  Part  1  turn  out  to  be  correct.  In  fact,  cur  detection 
of  the  existence  of  an  airshoek  as  close  as  1/2  a 0  serve  to  confirm 
that  picture  of  a  transmitted  airshoek. 

The  question  may  well  be  raised:  but  where  is  the  airshoek  from 
the  charge  surface  to  1/2  a_?  Our  observations  her'  cannot  tell  us. 
Much  more  sophisticated  techniques  will  be  necessary  to  detect  the 
airshoek  in  the  intense  luminosity  of  this  stage  of  explosion.  But 
we  offer  the  following  argument  to  suggest  that  the  airshoek  must 
be  present  from  0  to  1/2  a0,  despite  our  failure  to  detect  it. 

We  have  observed  that  It  takes  a  fair  amount  of  time  to  form  an 
airshoek  in  an  explosion.  Specifically,  for  example,  the  time  needed 
for  the  d^ecta  material  to  form  an  airshcck  In  the  convergent -cone 
experiment  0?ig.  10)  was  about  12  to  15  usee.  But  in  the  laser 
experiments  we  detected  the  airshoek  at  about  4  usee  (time  from 
charge  surface  to  1/2  a0).  We  would  argue  that  this  is  too  short 
a  time  for  the  shock  to  have  been  formed  outside  of  the  explosive 
and  that  the  shock  must  have  existed  at  zero  time.  That  Is  to  say, 
the  detected  airshoek  must  have  been  the  transmitted  airshoek. 

Along  with  these  photographic  observations  of  the  airshoek,  we 
have  attempted  to  use  sensors  to  pinpoint  the  location  of  the  shock¬ 
wave.  Our  experiences  are  described  in  Appendix  C.  We  have  used 
these  records  to  put  together  a  new  model  for  the  main  release  of 
explosion  energy  after  the  formation  aT  the  transmitted  airshoek 
in  Figure  C-8. 
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APP^IDIX  A:  SPECTRA  OF  EXPLOSIONS 


A  -1 :  Photographic  Spectra 

A-1,1:  Generali  IpHc  appearance  of  a  apoetrum  of  ar*  explosion 
.■dll  depend  on  a  large  number  of  variables,  only  a  few  of  which  can 
be  easily  controlled.  At  the  charge,  the  spectrum  will  oepend  on 
the  radiating  species  released  or  created  by  the  explosion  nnd  the 
density.  f -number ,  lifetime  and  geometrical  distribution  of  the  "a 
species  over  both  an  area  asd  an  optical  dep^h.  The  spectrum  also 
will  depend  on  the  shape  of  she  charge  and  the  hydrodynamic  time 
(proportions!  to  the  cube  root  of  charge  weight);  both  serve  to 
determine  row  long  the  radiating  species  will  remain  in  the  field  of 
view  c-f  the  spectrograph  and  how  fast  the  radiators  might  change  in 
time.  At  the  spectrograph,  the  spectrum  will  depend  on  all  the 
familiar  variables  -«■  dispersion,  effective  ?/-number,  slit  size, 
type  of  lenses,  etc.  In  addition,  we  have  found  that  the  explosion 
spectrum  --  which  appears  to  be  a  collection  of  hundreds  of  linos 
and  bands,  intensely  radiant  for  only  a  few  {iseecnds  —  varies  de¬ 
cisively  with  some  undetermined  aspects  of  the  film.  That  is  to 
say,  recognition  of  these  lines  and  bands  on  a  given  piece  of  film 
depends  on  e  number  of  interrelated  factors  between  film  and  spec¬ 
trograph,  above  and  beyond  the  grain  size,  resolving  power,  or  the 
acutance  of  the  film.  For  example,  Shellburot  film  and  High  Speed 
Infrared  film  are  ranked  about  the  same  in  the  three  characteristics 
above.  Shellburst  having  a  higher  acutance  class  and  a  slightly  lower 
speed  rating.  For  recognizing  spectral  features,  however, we  nave 
found  the  infrared  film  more  desirable. 

By  "spectral  feature”,  we  mean  a  line  or  band  for  which  we  can 
measure  a  wavelength.  Therefore,  a  spectral  feature  must  be  distin¬ 
guishable  from  its  background ,  first  of  all,  but  also  have  a  suffi¬ 
ciently  sharp  density  gradient,  if  we  are  to  find  a  place  on  the 
feature  to  measure  from.  In  our  spectral  records  we  may  often  not 
find  features  because  (1)  the  feature  is  too  dim  tc  permit  a 
satisfactory  measurement  or  (2)  the  feature  is  not  sufficiently 
recognizable  from  its  bright  background  to  permit  such  a  measurement. 
Both  happen,  often  on  the  same  record.  In  the  deep  blue,  features 
are  usually  too  dim:  in  the  deep  red,  the  background  is  usually  too 
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bright.  Parts  of  explosion  spectra  often  do  look  like  ccntir.ua,  so 
that  spectral  features  might  be  expected  to  be  absent.  Often, 
however,  these  "continua"  can  be  cleaned  up,  perhaps  by  increasing 
dispersion  or  decreasing  exposure. 

We  cannot  claim  that  no  explosion  continua  exist'.  There  are  a 
number  of  processes  that  produce  continua  that  might  be  anticipated 
in  an  explosion.  Often,  apparent  continua  do  appear,  resulting 
from  overlapping  or  overexposure,  or  perhaps  even  scattering  in  the 
spectral  film.  The  creation  of  an  apparent  continuum  can  be  seen 
in  the  AVCO  spectrum  of  Shot  78  of  Figure  A-l.  In  this  experiment 
a  piece  of  glass  was  placed  a  small  distance  from  the  surface  of 
the  charge.  When  the  radiating  species  reached  the  glass,  the  light 
intensity  was  dramatically  increased  (probably  through  an  increase 
In  temperature  when  the  explosion  particles  were  brought  to  rest  at 
the  glass).  So  intense  was  the  light  that  it  burned  past  the  film 
spectral  cut-off  (on  the  right). 

We  have  given  in  Figures  A-l  through  A -6  a  random  sampling  of 
explosion  spectra  as  seen  from  different  explosives,  as  seen  by 
different  spectrographs,  and  as  seen  by  different  films.  The 
figures  are  mostly  self-explanatory  and  we  make  only  some  brief 
comments . 

a.  The  appearance  of  most  explosions  on  the  AVCO  streak 
spectra  are  rather  similar.  The  total  duration  of  much 
of  the  light  lasts  only  a  few  p-seconds  (the  light  evident 
on  these  records  before  marked  zero  time  is  rewrite  on  the 
continuously  recording  records).  Intensity  increases  from 
the  blue,  cut-off  Just  below  CN  388.3  A  in  all  AVCO  records, 
to  the  red,  where  the  film  response  cuts  off  the  record. 

Only  a  few  bright,  strong  spectral  features  stand  out,  and 
these  3ame  radiators  op  nearly  all  records:  C&  3934,  3968  l, 

CN  4216  A  band,  Ca  4227  A  arri  the  Na-D  lines  5890,  5896  l. 

The  four  lines  running  the  height  of  the  film  with  equal 
Intensity  are  Hg  calibration  lines  that  were  burned  in  prior 
to  the  explosion.  (We  should  note  shot  75  in  Figure  A-2,  which 
is  unlike  all  other  spectra  shown.  The  charge  was  cast  with 
aluminum  added  to  the  pentolite  mix.  We  see  that  the  intensity 
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distribution  is  much  like  the  other  pentclite  shots,  but 
some  lines  and  bands  are  recognizably  different.  CN  is 
net  detectable:  nor  are  the  Ca  lines.  Ca  4227  A  still 
remains.  The  new  bright  radiators  are  A1  3944  and  3962  l 
and  the  A10  bands.)  Intensitites  do  vary  from  explosive  to 
explosive  but  these  prints  can  be  misleading.  In  Section  A-2 
we  shall  look  at  photoelectric  measurements  which  are  more 
reliable  for  intensity.  The  qualitative  comparison  in 
Figure  A-4  for  3,  32,  and  330  lb  TNT  spheres  is  correct, 
since  the  fllircwere  exposed  and  processed  under  similar 
conditions  and  the  charges  were  cast  from  the  same  powder  at 
identical  conditions.  We  can  see  in  this  set  of  prints 
rather  easily  how  the  increased  hydrodynamic  times  of  the 
explosions  lead  to  different -looking  spectra,  even  though 
the  radiating  species  must  be  identical  in  these  three 
explosions . 

b.  In  Figure  A-5  are  typical  millisecond  spectra  from 
the  streak  Cine  Spectrograph.  The  rectangular-looking 
portion  of  the  spectrum  to  the  blue  is  not  real.  The 
height  results  from  the  slit-height  used  on  the  instrument. 
When  the  explosion  light  first  reaches  an  intensity 
sufficient  to  record,  all  light  is  integrated  over  a  time 
approximately  equal  to  that  time  to  cross  the  height  of 
the  slit.  This  slit  time  for  all  records  in  Figure  A-5 
is  —100  usee,  except  for  ^5C  which  is  200  usee.  Any  light, 
sufficient  to  record,  that  appeared  at  any  time  curing  the 
first  IOC-  (or  2 "O'  usee  would  appear  in  the  rectangular 
portion,  Onl'  If  it  persisted  beyond  ICC  (or  2CC >  usee 
would  it  be  streaked  beyond  the  rectangle.  .>  se»  that 
only  wavelengths  above,  say.  c200  l  persisted  ] eager  than 
the  slit  time.  Most  of  the  explosion  spectra  shown  laste: 
only  about  1  millisec  --  that  13,  had  intensity  sufficient 
to  record  for  about  1  millisec. 

Exposure  conditions  were  about  identical  for  all  the  shots 
in  Figure  A-5.  C-pectral  coverage  ranged  from  about  330C  ; 
in  the  blue  to  film  cut-off  in  the  red.  The  intense  explosion 
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light  has  overexposed  many  of  the  films.  The  typical  dip 
in  all  films,  which  occurs  at  about  5000  A  or  so,  can  be 
seen  to  be  filled  in  by  the  intense  light.  The  exception 
might  be  #88,  which  had  an  especially  deep  dip  in  film 
sensitivity.  But  even  here  we  can  see  light  scattered  into 
the  dip. 

Finally,  we  note  that  the  millisecond  spectrum  for  #84  in 
Figure  A-5  is  very  different  from  the  u-seconi  spectrum  of 
#84  in  Figure  A-3.  Since  the  two  instruments  have  rather 
comparable  light-gathering  capabilities,  we  assume  that  the 
(TNM  +  NM)  explosion  developed  its  light  intensity  several 
u-seconds  later  than  did  the  other  materials. 

In  Figure  A-5  the  sharp  black  lines  on  #72  are  scratches,  not 
absorption  lines.  In  #76,  an  absorption  line  can  be  seen 
at  the  Na -doublet,  which  goes  from  emission  to  absorption 
with  time. 

c.  Sample  spectra  from  the  Kilger,  with  no  time  resolution, 
are  given  in  Figure  A -6.  The  superior  capability  of  the 
Hilger  to  reaolve  lines  and  bands  in  the  blue,  which  do  not 
appear  at  all  or  appear  to  be  continue  on  the  time -resolving 
instruments,  suggests  a  dynamic-exposure  problem  in  obtaining 
explosion  spectra.  In  the  time -resolving  instruments  light 
is  swept  by  a  particular  grain  on  the  film.  In  the  Hilger 
the  light  dwells  on  a  particular  grain  for  as  long  a  time 
as  the  intensity  is  sufficient  to  record.  The  Hilger,  thus, 
records  hundreds  of  lines  In  the  blue,  which  are  readily 
measured  or.  the  originals  but  not  in  the  reproductions  in 
Figure  A-6.  This  desirable  recording  ability  in  the  blue, 
however,  leads  to  overexposure  In  the  red.  Lines  and  bands 
seldom  can  be  recognized  above,  say.  5000  l. . 

A - 1 . 2 :  Identi f i cation  of  Spectral  Feature s 

A-1. 2.1*  Construction  of  Tab^e  A-l.  In  Table  A-l  we  have 
compiled  wavelengths  for  the  spectral  features  that  we  have  found  on 
our  explosions,  without  regard  for  the  explosive  material.  In 
compiling  the  wavelengths,  we  took  only  these  values  that  occurred  on 
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several  shots.  A  far  longer  list  would  have  been  obtained  had  we 
listed  all  wavelengths  that  have  been  measured.  The  reason  for 
our  caution  lies  in  the  difficulties  in  identifying,  and  measuring, 
a  feature  on  these  spectral  records.  There  are,  probably,  hundreds 
of  lines  and  bands  produced  by  an  explosion  --  we  list  over  400  in 
Table  A-l.  In  many  records  these  features  blend  into  an  unmeasurable 
"continuum."  On  a  given  explosion  different  types  of  film  respond 
differently  to  the  explosion  light.  Thus,  High-Speed  Infrared  film 
might  give  easily  recognized  lines,  whereas  these  same  features  would 
be  unrecognizable  on  Tri-X  or  Shellburst  film.  Explosion  light, 
furthermore.  Is  not  especially  reproducible.  Presumably  identical 
charges  can  produce  different  looking  spectra.  The  overall  average 
picture  is  nearly  the  same,  but  recognition  of  the  features  (lines 
or  bands)  will  be  variable.  On  a  given  explosion  and  a  given  film, 
the  intensity  varies  over  a  wide  range.  Spectral  features  can 
hardly  be  found  in  the  ultraviolet  range  because  the  intensity  level 
is  so  low.  Spectral  features  are  even  harder  to  find  m  the  near- 
infrared  range  because  the  intensities  are  so  high  that  lines  and 
bands  merge  into  one  another. 

Lifetimes  also  cause  difficulties.  Most  of  the  features  below 
5000  J  last  only  a  few  ^-seconds.  Those  auuve  5C0C  A  last  for  milli¬ 
seconds.  On  a  u -second -resolution  record  many  oi  these  short  life¬ 
time  features  just  do  not  show  up  as  individual  lines  cut  rather 
as  a  "continuum."  In  fact,  we  have  never  been  able  to  resolve  the 
CH  3^83  l  sequence  structure  (and  below)  on  our  AVCO  records.  The 
structure  is  clear  on  our  millisecond  Jine  spectra  and  clearest  on 
our  time-independent  spectra.  The  long  lifetime  radiators,  especially 
at  600C  !  and  above,  give  trouble  in  che  other  direction.  This  part 
of  the  spectrum  is  always  badly  overexposed  on  any  spectrum  obtained 
from  any  spectrograph  slower  than  the  AVCO.  (And  on  most  AVCO  records 
the  deer  red  is  slightly  over-exposed  because  of  the  tremendous 
intensity  produced  by  the  explosion  species  in  the  deep  red.) 

Because  of  these  dif ficult-1  es  with  explosion  spectra,  we  have 
read  records  unconventionally.  A  given  spectral  film  was  enlarged 
to  about  4X  and  printed  onto  various  papers,  exposures  were  varied 
on  a  given  paper,  and  dodging  used  for  various  parts  of  the  spectrum. 
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Upon  occasion  10  to  12  manipulated  prints  were  made  of  one  film; 
more  typically  ^  to  6  prints  were  made.  Spectral  features  were, 
then,  recognized  and  marked  on  the  prints  with  a  needle,  several 
different  prints  of  a  film  always  being  necessary  to  find  all  the 
features.  The  needle  holes  were  subsequently  read  with  a  Bauach 
and  Lamb  Measuring  Magnifier  (Catalog  No.  81-34-35 )>  with  0.1mm 
markings.  Wavelengths  could  usually  be  obtained  by  fitting  a 
Hartman  curve  to  three  recognizable  wavelengths  produced  by  the 
explosion,  such  as  ct.  393^.  Ca  4227,  and  Na  5893,  or  to  mercury  wave¬ 
lengths  usually  placed  on  the  spectral  film  prior  to  the  explosion. 
Clearly,  th:*s  procecure  for  reading  the  spectral  features  is  inac¬ 
curate  compared  to  the  conventional  procedures.  But  we  justify  it 
on  the  basis  that  we  were  able  to  find  hundreds  of  features  that 
otherwise  would  have  gone  undetected.  With  a  given  type  of  explosive 
and  type  of  film  the  spectra  from  a  given  spectrograph  could  be 
read  with  a  reproducibility  of  a  few  Angstroms.  If  the  explosive, 
or  the  film,  or  the  spectrograph  were  changed,  the  uncertainty 
Increased  --  but  that  increase  is  not  so  much  caused  by  the  reading 
procedure  as  it  is  by  the  problems  of  recognizing  a  feature. 

Wavelengths  found  from  prints  of  our  explosion  records  are 
listed  In  tne  first  four  columns  of  Table  A-l,  under  the  appropriate 
spectrograph  heading.  Since  the  recognition  problems  differ  for 
each  instrument,  the  fallowing  comments  should  be  noted. 

AVCO:  u-second  resolution.  Only  species  that  were  formed 
during  the  first  few  u-seconds  can  be  observed.  Spectral 
features  can  be  recognized  only  above  38° 3  A.  Below,  only 
a  blurred  continuum  appears.  Response  into  the  red  goes 
out  as  far  as  the  available  films  go,  say  9000  A,  but  the 
dispersion  becomes  poor  above,  say  6000  A,  making  both 
recognition  and  wavelength  measurements  of  features  difficul 
The  AVCO  column  represents  a  summary  o  27  explosions  of  TNT 
pentollte,  RDS ,  (NM  +  TNM),  ar*3  (RDX  -  m) .  Films  included 
Tri-X.  Shellburst,  2475,  and  High-Speed  Infrared. 

Cine;  millisecond  resol”tion.  Both  streak  and  frame 
spectra  available.  The  slit  height  used  determined  that 
light  on  the  streak  Instrument  was  integrated  in  time  over 


NOLTR  69-74 


the  first  100  usec  or  so.  On  the  frame  instrument  the 
first  spectrum  could  appear  at  any  time  during  the  first 
2 CO  psec.  Spectral  features  can  be  recognized  down  to 
3000  a  upon  occasion;  more  typically,  down  to  3500  l.  In 
the  red  end,  response  was  limited  by  the  films  to  about 
9000  A:  but  the  dispersion,  similar  to  that  of  the  AVCO, 
makes  recognition  increasingly  difficult  above  6000  /.  The 
Cine  column  represents  16  explosions  of  TNT,  pentolite, 

PETN,  and  (NM  -f  TNM).  Films  included  Tri-X,  Shellburst, 
and  High  Speed  Infrared . 

Grating:  no  time  resolution;  opened  before  a  shot  and 
closed  afterwards.  Grating  spectrographs  hav<*  been  wholly 
unsatisfactory  for  explosion  spectra.  Despite  a  number 
of  attempts  only  two  readable  grating  records  were  obtained -- 
one  Cenco  and  one  Jarrell-Ash  --  and  compiled  in  Table  A-l. 

The  wavelength  range  on  both  runs  frc*n  about  3900  to  59^0  A 
for  readable  features.  For  both  spectra  8-lb  pentolite 
spheres  were  fired.  The  films  were  both  2475. 

Hllger :  no  time  resolution;  opened  and  closed  manually. 

Because  of  its  superior  response  under  explosion  conditions, 
the  Hilger  records  can  be  read  down  to  about  2500  ’ .  In 
the  red  end  the  Hilger  offers  poor  recognition.  Overexposure 
is  greater  on  the  stationary  film  than  on  the  moving  films 
of  the  AVCO  and  the  Cine  instruments.  Because  of  its 
superior  dispersion,  however1,  some  details  can  be  recognized 
out  to  the  film  cutoff.  The  Hilger  column  represents 
8  explosions,  including  pentolite,  RDX,  and  (TNX  NM),  Films 
included  Shellburst,  2475,  and  High  Speed  Irfrared. 

Because  of  these  instrument  variations  and  the  variations  in  the 
explosion  material,  entries  in  the  first  four  columns  of  Table  A-l 
are  not  directly  comparable.  Upon  occasion  all  four  columns  list 
the  same  wavelength,  such  as  3968  l  or  4227  £ ,  radiated  by  Ca  and 
Ca.  Such  agreement''  are  caused  by  strong  radiators,  easily  recognizable 
on  any  film;  there  are  not  many  such  radiators  Identifiable  in 
explosion  spectra. 
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Because  or  the  recognition  problems,  we  rind  It  difficult  to 
estimate  the  accuracy  of  the  wavelengths  listed  In  Table  A-l,  Bassd 
on  reproducibility  of  the  wavelength  values  from  one  explosion  film 
to  another  off  the  same  spectrograph  and  from  one  spectrograph  to 
another  on  the  same  explosion,  we  would  estimate  that  wavelength 
accuracy  runs  about  i  I  to  3  J  below  4000  ?,  increasing  to  about 
t  5  a  below  5S0C  A,  and  thereon  increasing  continuously  to  perhaps 
+  30  S  in  the  Infrared.  These  estimates  were  used  in  assigning 
identifications  In  the  table. 

A -1.2. 2:  What  Species  Shall  We  Look  For?  Now  that  we  have 
compiled  cur  list  of  wavelengths  produced  by  an  explosion,  we  begin 
the  search  to  identify  what  radiators  might  be  producing  the  light. 

If  we  assume,  along  with  much  of  explosion  literature,  that  the 
early  explosion  luminosity  is  produced  by  air  species,  excited  by 
the  shockwave,  then  we  can  go  to  theoretical  predictions  for  the 
radiation  from  hot  air.  Such  predictions  vary,  of  course.  with 
the  temperature  of  the  air,  From  hydrocode  computations  of  pe^tolite 
explosions  (such  as  those  by  LUTZKY)  we  find  that  the  shock  temperature 
might  be  5-R000cK  during  the  first  few  u-seconds  of  shock  motion. 

Z ince  shock  temperatures  are  notoriously  dependent  on  zone  sizes  used 
in  the  hydrocode,  we  might  be  suspicious  and  prefer  to  estimate  from 
experimental  data.  Prom  RUDLIN  (±962)  we  estimate  that  the  luminosity 
front  moves  from  an  explosion  at  somewhere  between  1  and  0.5  cm/psec, 
at  least  for  the  first  few  u-seconds.  From  the  tables  of  WILLETT  we 
find  that  the  corresponding  shock  temperatures,  if  thl3  luminous 
front  is  a  shock,  would  be  somewhere  between  7500  and  l6,000°K. 

Putting  both  estimates  together,  we,  then, look  at  theoretical  pre¬ 
dictions  for  sea-level  air,  shocked  to  a  temperature  somewhere 
between  ^-l5,rOO°K. 

A  number  of  theoretical  predictions  for  hot  air  at  equilibrium 
have  been  made.  .Amongst  the  best  known  are  those  by  various  AVCO 
people  (such  as  ALIEN'  and  by  3REENE  et  al .  Those  by  BRESNE  are  most 
convenient  ''or  looking  at  variations  with  wavelength.  There  are 
Important,  differences  among  the  predictions  but  all  agree  in  the 
following  discussion.  There  has  been  very  little  work  done  on  nen- 
e.-^ui  librium.  predictions. 
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Radiation  from  air  in  thermal  equilibriuir.  occurs  in  two  very 
different  regimes.  Below  about-  8-10,000vK  radiation  should  come 
from  molecular  transit! ons,  such  as  those  from  Ng  or  from  products 
formed  such  as  NO*  Above,  say,  12,C00°K  such  molecules  can  no  longer 
exist  and  the  radiation  should  come  from  excited  atoms,  molecular 
ions  and  from  electron  transitions,  both  free-free  and  free-bound. 

In  other  words,  at  the  low  end  of  our  temperature  estimate,  air 
radiation  should  be  strongly  dependent  on  the  chemical  species 
present  and  we  would,  therefore,  expect  to  see  many  spectral  features 
on  cur  records  fran  the  banded  structure  radiated  by  molecules.  On 
the  other  hand ,  at  the  high  end  of  our  temperature  estimate  electron 
tran'--  itions  should  predominate  leading  to  a  strong  continuum  on  our 
records,  with  some  band  structure  from  ionized  molecular  species. 


especially  sine 


trong  radiator,  and  atomic 


species  such  as  N,  since  there  is  so  much  ox'  it  in  air. 

Examination  of  our  spectral  records  quickly  suggests  that  high- 
temperature  air  is  not  present.  First,  continue  6  c  not  appear  to  he 
e solution  is  high  enough);  second,  atom!* 

N  and  0  are  not  clearlv  present  (permitted  lines,  that  is  --  some 
forbidden  lines  may  be  present):  and  third,  cannot  be  unequivocal 
identified . 

Therefore,  we  go  to  the  low -temperature  predictions.  From 
BRKENE  we  find,  for  6,000°K  equilibrium  air,  that  the  strong 
radiators  should  be  --  roughly  in  order  of  diminishing  intensity: 

NO  (8) 

0  (free -bound) 

( S  chuma nn - Runge } 
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We  also  find  that  the  predicted  Intensity,  integrated  over  the 
radiators  above,  decreases  from  the  blue  tr  the  red.  This  variation 
with  wavelength  is  not  at  all  vhat  we  see  on  explosion  spectra, 
where  intensity  increases  from  the  blue  to  the  red. 

This  difference  between  predictions  and  our  spectra  makes  us 
suspicious  that  the  explosion  luminosity  does  not  come  from  hot  air. 

We  become  more  suspicious  if  we  look  at  spectra  as  a  function  of 
time.  If  the  early  luminosity  is  created  by  the  airshoek,  then  this 
luminosity  must  gi  out  at  soma  time  when  the.  airshoek  no  longer  is 
sufficiently  strong  to  excite  air  species.  Subsequently,  the 
luminosity  would  then  have  to  cctae  from  the  explosion  products  left 
behind  the  airshoek.  Thus,  there  must  necessarily  he  a  distinct 
break,  or  change  in  the  spectrum,  when  the  shocked  air  ceases 
radiating  and  the  "fireball"  light  comes  through.  We  have  seen  no 
evidence  of  such  a  break  in  any  explosion  spectrvtm  or  photographic 
film. 

We  are  not  quite  yet  ready  to  throw  away  the  airshoek  concept 
at  this  point  —  perhaps  (l)  the  theoretical  variation  with  wavelength 
is  wrong  (after  all,  equilibrium  calculations  hardly  describe  the 
complex  non-equilibrium  processes  behind  an  explosion  shock);  or 
(2)  the  break  Is  so  smooth  as  to  be  undetectable. 

At  any  event,  we  lay  aside,  for  fchemOTient,  the  airshoek  as  the 
source  for  explosion  light  and  speculate  on  other  possibilites. 

There  are  many  physical  phenomena  in  which  light  is  created  by  the 
release  of  eneyjy.  We  review  briefly  some  of  the  spectra?,  features 


of  these. 


Flames :  GAIDOH  (lS6l)  has  given  an  excellent  summary  of 
flame  spectra  —  which  we  might  suppose  would  be  somewhat 
similar  to  explosion  spectra.  (Energy  released  and  tem¬ 
peratures  reached  in  explosions  are,  however,  much  larger 
than  those  in  flames.)  In  flames,  spectral  details  do  vary 
somewhat  with  the  burning  materials  and  with  the  richness 


*  A  critical  discussion  of  some  of  the  assumptions  and  the  complexities 
in  making  these  predictions  for  air  has  been  given  by  BAUER. 
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in  a  given  flares.  A  rich  mix  can  produce  a  continuum  which 

* 

approaches  closely  the  blackbody  continuum. 

Pre -mixed  hydrocarbons  show  an  outer  cone  with  strong  OH 
bands ,  some  continuum  in  the  blue,  and  some  00o  bands. 

£L 

The  inner  cone  produces  most  of  the  flame  light  In  the 
visible  from  C2  (Swan)  and  CH,  along  with  some  OH  and  CSC 
bands.  In  hotter  flames,  (near  dtoichometric  with  oxygen) 
additional  bands  of  C2  aha  CR  appear,  perhaps  with  CO 
(4th  positive)  bands.  In  flames  with  combined  nitrogen 
ON  (violet)  is  very  strong  but  weak  in  flames  with  molecular 
nitrogen. 

In  other  types  of  flames  ether  bands  can  appear.  For  exampje: 
flames  of  CO  4-  O2  8ho>r  the  (Sehumann-Runge)  hands  super¬ 
imposed  on  a  strong  continuum;  flames  with  NO  show  strong 
CN  bands,  some  NO  { Y )  bands,  and  NH  at  3360  S;  and,  finally 
flames  of  with  NO  (or  NH^-with  02)  show  the  NRg,  CK,  and 
NR  bands. 

In  a  detonated  gas.  such  as  a  hydrocarbon  plu3  G0>  there 
appears  mostly  continuum  aid  not  the  usual  C2  and  CH  bancs. 
Gaydon  makes  the  pertinent  comment  that  most  people 
(including  spectroscopists)  are  familiar  with  discharge -tube 
spectra  and  have  come  to  regard  those  spectra  as  normal. 

But  in  discharges  excitation  is  by  relatively  fast  electrons, 
accelerated  in  the  external  electric  field  and  is  quite 
different  from  that  which  occurs  under  equilibrium  conditions 
by  thermal  means.  We  can  readily  verify  Gaydon’s  comment 
by  trying  to  find  our  explosion  spectra  in  the  usual  spectral 
tables  compiled  for  the  usual  sources,  such  as  the  arc, 
spark,  or  discharge  tube,  in  which  strong  external  electric 
fields  are  present:  there  is  no  correlation. 

Natural  Phenomena:  Very  rich  and  complex  spectra  can  be 

produced  by  13-gre  charges  which  do  not  produce  a  shockwave 

*  G.  J.  Peters  (NOL  Internal  Memorandum  of  7  February  1966  on  "Optical 
Spectra  from  Burning  TNTn)  has  found  that  TNT,  lit  with  a  match, 
produces  a  continuum,  similar  to  that  of  a  80C°K  blackbody,  and  the 
sodium  doublet  at  5890  and  5896  I. 
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(REED)  —  at  least,  shockwaves  are  not  produced  until  late 
time.  REED *s  conclusion  was  that  light  was  created  in 
those  experiments  by  collisions  of  particles  released t  or 
created,  by  the  explosion  with  the  ambient  gas  —  solid -ga3 
collisions.  We  might  ask,  then,  what  are  the  spectra  of 
single-particle  phenomena  like  meteors,  comets,  or  even 
man-made  reentry  bodies? 

BRONSHTEH  has  given  an  excellent  summary  o?  meteor  spectra: 
these  spectra  consist  almost  wholly  of  atsmic  (neutral 
and  ionised)  line3  of  the  elements  comprising  the  meteor. 

Some  evidence  of  Kg  (1~)  bands  has  been  reported.  The 
forbidden  0  line  at  5577  £  has  been  found  in  the  wake 
behind  fast  meteors  but  the  accompanying  forbidden  lines 
at  6300  and  6360  I  have  not  been  found.  The  glowing  meteor 
body  itself  is  not  generally  observed.  Particular  multiplats 
of  the  elements  3eem  to  be  fayored  In  meteor  spectra.  For 
instance,  the  Fe  sultiplets  2,  4,  41,  42,  and  45  are 
especially  intense  of  the  nearly  100  multiplets  of  Fe  found 
in  meteor  spectra,  Many  of  the  most  intense  lines  of  meteor 
spectra  seem  to  fit  <?ur  explosion  spectra;  and  we  have 
used  such  identifications  in  our  table.  These  identifications 
include:  Na,  Mg,  Al,  Ca,  Ca+,  Or,  Fe,  Co,  and  Hi,  We  shall 
find  that  the  Ng  (l+)  bands  reported  for  meteors  do  not 
appear  in  our  explosion  spectra. 

That  explosion  spectra  and  meteor  spectra  have  some  spectral 
lines  in  common  is  not  terribly  surprising.  An  explosion 
particle  will  contain  many  impurities  that  can  be  excited 
by  collisions  with  air  molecules  —  especially  the  excitations 
requiring  only  a  few  electron  volts.  Our  explosion  particles 
move  out  from  the  charge  at  speeds  like  1  ctn/psec;  meteors 
move  at  speeds  like  1.5  cm/psec  (slow)  to  5  co/psec  (fast) 
when  their  luminosity  first  appears  (altitude  ~100  km  for 
fast  and  75-100  km  for  slow). 

On  the  other  hand,  that  there  should  be  any  agreement  between 
spectra  of  comets  and  of  explosions  is,  indeed,  surprising. 
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A  comet  is  thought  to  he  a  cold,  icy  body  unable  to  supply 
the  excitation  energy  itself  for  luminosity.  The  observed 
luminosity  is  believed  to  be  fluorescence  radiation  excited 
by  the  sun  and  la  supported  by  observations  of  the  luminosity 
dependence  on  distance  from  the  sun. 


SWINGS  has  given  an  excellent  summary  of  ccmetary  spectra 
•which  we  will  now  use.  In  comet  heads  identification  is 
pretty  certain  of  OH,  NK,  CH,  CN,  C 2,  NHg,  CH+,  and  Na; 


less  certain  are  OH  ,  Fe,  arid  Ni.  In  the  tails,  which  can 


extend  to  thousands  of  kilometers,  are  found  CCT,  N2^,  C02  , 
CH+,  and  probably  CH+.  Metallic  compounds  such  as  the 
hydrides  (possibly  NaH,  XH,  MgH,  CaH,  A  IE,  and  SiE)  may  be 
present  but  wavelength  uncertainties  have  made  identification 
uncertain.  Oxides  (FeO,  MgO,  and  CaO)  have  been  looked  for; 
but,  again,  identification  is  not  certain.  A  number  of 
prominent  wavelengths  have  not  been  identified. 


The  radiation  from  certain  species  in  ccmeta  can  differ  a 
little  to  very  much  from  that  from  those  same  species  in 
the  laboratory.  For  example,  the  CN  (violet)  bands  appear 
strongly  in  comets  but  the  CN  (red)  bands  hardly  appear,  if 
at  all.  Both  usually  appear  strongly  in  the  laboratory. 


We  have  found  that  wavelength  coincidences  of  explosion 
spectra  with  cGmetary  values  are  remarkable  and  have  used 
the  cometary  identifications  in  Table  A-l.  We  have  not 
always  agreed  with  the  cometary  identifications;  and  we 
give  Identifications  in  Table  A-l. which  we  think  are  more 
appropriate  for  explosions. 

There  are  other  natural  phenomena,  the  spectra  of  which  are 
pertinent  to  us:  these  are  lightning,  auroras  and  airglow 
(including  nightglow  and  dayglow).  The  first,  lightning,  we 
can  dismiss  rather  quickly,  since  the  energies  involved  are 
too  high  to  produce  many  species  of  interest  to  us.  The 
others,  auroras  and  airglow,  cannot  and  should  not  be  dis¬ 
missed  so  readily.  But  these  are  too  complex  to  review  in 
so  hasty  a  manner  as  we  have  the  spectra  of  flames  or  comets. 
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and  we  refer  the  reader  to  the  basic  book  by  CHAMBERLAIN 
and  the  more  recent  one  by  McCORKAC.  We  do  note,  however, 
that  a  number  of  airglow  species  do  seem  to  appear  on 
explosion  spectra.  The  forbidden  bands  of  02  seem  unmistakable 
on  our  spectra.  Less  certain  are  forbidden  lines  of  0  and 
N  —  the  auroral,  nebular,  and  tr&nsaurcral  transitions. 

The  N2+  (l~)  sequence  at  3914  X  is  bright  in  many  atmospheric 
phenomena  but  is  not  especially  so  in  explosion  spectra. 
Laboratory  Sources:  In  addition  to  the  familiar  arc  and 
spark  spectra  of  spectral  tables,  there  are  many  other 
sources  for  spectra  in  the  laboratory  —  electric-wire 
explosions,  shocktubes,  electromagnetic  (shock)  tubes, 
microwave  excitation,  laser  excitations,  etc.  We  have  not 
found  that  these  sources  produce  spectra  that  would  be  of 
particular  help  in  identifying  explosion  3pectra.  A  large 
amount  of  work  on  air  has  been  carried  out  in  shocktubes. 

Most  of  this,  however,  has  been  done  with  “equilibrium  air“. 
after  reflection  of  the  shock  at  the  downstream  wall  of  the 
tube.  ?ew  measurements  have  been  made  of  the  incident 
(before  reflection)  shock.  Species  found  for  shoektube 
equilibrium  air  do  not  appear  to  agree  with  our  explosion 
species. 

A-l.2.3:  Assignment  of  Species:  In  Table  A-l  we  have  usually 
listed  several  species  for  each  unknown  wavelength  when  these  species 
all  seemed  equally  plausible.  In  some  instances,  we  have  not  been 
able  to  assign  any  species.  Upon  occasion  we  could  only  find  one, 
or  perhaps  two,  possible  species.  Our  listing  of  several  species 
for  a  wavelength  dees  not  mean  that  all  these  species  were  present, 
although  that  may  have  been  true.  It  simply  means  that  all  the 
possibilities  seemed  reasonable  and  we  had  no  basis  for  further 
selection. 

A  number  of  assumptions  have  gone  into  our  choices  for  the 
radiating  species  listed.  These  include: 

a.  We  have  assumed  that  ccmetary  and  meteor  species  are 
favored  in  explosion  spectra  and  have  given  particular 
emphasis  on  fitting  the  wavelengths  from  these  species  to 
our  known  wavelengths. 
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b.  We  have  chosen  the  species  of  lowest  energy  (if  known) 
for  listing.  Even  so,  we  have  given  preference  to  a  species 
that  fitted  the  largest  number  of  unknown  wavelengths, 
without  regal'd  to  the  energy. 

c.  We  have  given  particular  emphasis  to  those  species 
identified  from  13-gm  explosions  in  air  (REED),  when  these 
seemed  to  fit.  There  may  weir  be  big  differences  in  the 
excitation  conditions  for  the  13-gm  explosions  and  for 
these  larger  explosions  —  for  the-latter  a  shockwave  was 
present  at  the  earliest  times.  Many  of  the  13-gm  species,  how¬ 
ever,  appear  to  be  present.  Since  0,  species  were  particularly 
prominent  on  the  13-gm  spectra,  they  will  also  be  prominent  on 
our  present  listings . 

d.  We  did  not  list  any  compounds  of  impurities.  Several 
could  have  made  a  reasonably  good  fit  —  FeO,  CaO,  or 
SrO,  for  examole.  We  omitted  these  primarily  on  oux 
experience  in  which  we  added  Impurity  compounds  and  obtained 
unclear  results  for  lighting  them  up  in  an  explosion.  We 
have  also  omitted  C02  as  a  possible  species,  since  our 
13-gm  experiments  suggested  that  C02  was  not  detectable 

on  those  shots  in  air . 

e.  Some  atomic  radiators,  Fe  for  example,  could  supply  a 
large  number  of  lines  which  could  have  reasonably  been  fitted. 
In  general,  we  have  only  permitted  atomic  species:  (l)  with 
an  intensity  500  (er  greater)  and  an  attainable  excitation 
energy,  or  (2)  that  appear  on  the  lists  of  bright  meteor 

lines . 

jji  listing  species  we  allowed  species  whose  wave  eng 
deviated  from  the  unknown  wavelength  by  an  amount  no  larger, 
roughly,  than  the  reproducibility  in  wavelength  appropriate 
for  that  part  of  the  spectrum.  For  example,  in  the  aeep 
blue  the  unknown  wavelengths  lie  within  about  ±  2  or  3  - 
of  the  wavelengths  of  the  assigned  species. 


With  these  assumptions,  we 
cations  listed  in  Table  A-l;  a 


have  proceeded  to  assign  the  adentif i- 
summary  table  of  the  molecular  and 
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atomic  radiators  present  is  given  in  Table  A-2.  We  make  the  following 
observations : 

a.  A  wide  range  of  exciting  energies  is  necessary  for  the 
molecular  species  listed  —  from  about  1.5  ev  (for  the  forbidden  02 
bands)  to  nearly  20  ev  (for  the  N^*1*  (l~)  bands).  We  are  surprised 
that  such  high-energy  species  can  be  created  by  an  explosion.  Clearly, 

thermal  excitation  alone  cannot  provide  the  energy  to  create  N,  3+  or 

+  ** 

0o  species.  Obviously,  other  processes  are  at  work  and  we  suspect 

that  charge -exchange  collisions  must  play  a  big  role  in  exciting  the 

molecular  species. 

b.  A  much  narrower  excitation  energy  range  exists  for  the 
atomic  species  —  from  about  2  to  9  ev.  The  forbidden  nebular  0  lines 
at  6300  and  6360  a  require  only  i.96  ev.  The  other  forbidden  K  or  0 
lines  listed  need  no  more  than  about  4  ev.  Among  the  most  intense 
lines  on  explosion  spectra  are  Ca  4227  l  (2.93  ev),  K'769c>  h  7665  l 
(l.6l  ev)  and,  Na  5^90  +  5^56  l  (2.11  ev).  Of  comparable  intensity 
are  the  Ca”*  H  and  K  lines  at  3934  and  3963  a,  requiring  the  highest 
energy  of  all  the  atomic  lines  listed  in  Table  A-l:  9.2  ev. 

c.  The  presence  of  certain  species,  such  as  CH,  CO,  NH,  CR, 
C^,  in  explosion  spectra  is  not  tod  surprising.  They  are,  after  all, 
rather  good  radiators  appearing  in  many  different  luminous  phenomena. 
There  are,  however,  two  peculiarities:  (1)  C2  does  not  appear  to  be 
present  and  (2)  the  CN  (Red)  system  does  not  appear  to  be  present. 

The  first,  absence  of  C2,  appears  more  peculiar  than  the  second.  The 
CN(Red)bands  occasionally  do  not  appear  in  various  circumstances: 
for  example,  they  are  absent  (or  almost  so)  in  comet  spectra.  But 

C2  is  nearly  always  present,  especially  if  CN( Violet) appears, 

CN  (Violet)  and  C2  (Swan)  bands  often  are  the  ma^or  sources  of  light 
excited  by  shockwaves.  We  cannot  dismiss  them  from  our  spectral 
identifications  out  of  hand.  Clearly,  a  number  of  unknown  wavelengths 
could  be  assigned  to  C2  (Swan).  Eut  we  do  not  thirk  the  assignments 
are  convincing,  especially  since  (l)  many  of  these  "Swan  wavelengths" 
do  not  appear  consistently  from  one  shot  to  another  of  the  same 
explosive  and  (2)  shots  in  which  graphite  was  purposely  added  to  the 
explosive  failed  to  produce  any  expected  increase  in  luminosity  at 
the  Swan  wavelengths. 


A-l6 


NOI/FR  69“74 


d,  The  02 -bands  seem  to  predominate  over  the  Ng -bands  in 
producing  light;*  that  is*  we  get  a  rather  complete  list  of  02 
radiators,  whereas  our  Kg  list  is  very  limited.  The  presence  of 
02-(Shumann-Runge)  bands  is  not  too  surprising.  .  Although  not 
especially  common  in  the  laboratory,  the  S-R  bands  readily  occur 
in  certain  low-energy  flames.  But  the  presence  of  the  forbidden 
airglow,  or  the  afterglow,  systems  of  0g  is,  indeed,  surprising. 
Although  they  require  only  a  few  ev  for  excitation,  their  forbidden¬ 
ness  makes  them  very  difficult  to  excite  in  the  laboratory  —  hours 
to  days  being  required  to  obtain  good  laboratory  exposures.  If 

we  h&ve  really  produced  any  forbidden  02  band  in  ji-seconds  with  an 
explosion,  then  we  must  be  surprised .  Yet  the  identifications 
appear  to  be  rather  good.  We  can  tie  atme  of  the  unknown  wavelengths, 
also,  to  less  exotic  species  besides  forbidden  02;  but  a  large  number 
can  only  be  tied  to  these  bands  and  we  believe  that  they  are  real. 
Possibly  these  bands  are  excited  by  the  large  number  of  free  electrons 
that  we  know  occur  on  an  explosion  (c.f..  Appendix  c). 

e.  The  N2  bands  that  appear  are  not  only  limited  in  number 

but  are  surprising  in  identity.  We  do  not  believe  that  the  N2(l4) 

bands  are  present  —  (l)  because  the  expected  wavelengths  do  not 

line  up  convincingly  with  our  unknowns;  (2)  because  we  do  not  detect 

any  increased  radiation  at  these  wavelengths  when  we  fired  in  nitrogen 

rather  ihanair,  and  (3)  because  the  far-red  radiation  on  explosion 

spectra  is  unusually  intense  and  long-lived.  We  do  not  be?leve  that 

it  is  likely  that  the  (1+)  bands  could  be  so  much  more  intense  than 

the  (2+)  bands  nor  last  about  one  thousand  times  longer.  Some  other 

** 

bawds  must  be  present. 


*  To  the'” contrary,  VANYUKOV  has  found  in  a  spark  discharge  in  air  and 
in  nitrogen  both  at  1  atm  that  the  spectral  outputs,  at  least  over 
the  range  5,000.  to  10,000  JL,  were  identical.  Undoubtedly,  the  exci¬ 
tation  energy  in  the  Russian  experiments  was  higher  than  that  available 
in  our  explosions;  but  the  situation  is  by  no  means  clear. 

**  WRAY  has  recently  conducted  experiments  in  hot  air  to  determine 
what  species  produce  10  times  more  light  in  the  deep  red  than  has 
theoretically  been  predicted  (largely  N2(l+)  bands)  for  equilibrium 
shocktube  air.  He  finds  that  both  N  ana  0  are  necessary  and  attributes 
the  radiation  to  some  new  states  of  NO  —  the  Rydberg  states.  His 
calculated  wavelengths  agree  rather  well  with  a  number  of  our  unknown 
wavelengths.  Further  verification  of  these  new  radiators  would  make 
them  logical  additions  to  Table  A-l. 
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In  various  situations  the  N2(l+)  system  disappears  completely  or 
becomes  very  faint,  especially  at  pressures  near  1  atm.  For  example, 
we  cite  the  results  of  HEATH,  HUDDLESTON,  GRtlN,  and  NOXON.  Working 
with  mild  excitation  in  a  discharge  tube  of  air,  HEATH  found  the 
Ng(l+)  system  disappeared  when  the  gas  pressure  approached  1  atm  and 
was  replaced  by  a  weak  continuum.  This  result  was  similar  to  that 
earlier  obtained  at  1  atm  by  HUDDLESTON,  who  varied  the  gas  pressure 
to  much  higher  pressures  and  obtained  a  number  of  unusual  changes  with 
pressures  above  1  atm,  GRUN  found,  under  circumstances  in  which  he 
suppressed  the  (l4*)  band3,  that  the  Ng  (Gaydon)  bands  appeared,  the 
intensity  of  which  increased  with  gas  pressure.  DIXON  found  in  a 
nitrogen  afterglow  set-up  at  1  atm  that  the  (l"*”)  bands  were  weak 
compared  to  the  Vegard -Kaplan  system.  Because  of  these  experiences, 
we  believe  that  the  identifications  we  have  listed  in  Table  A-l  of 
the  N?  (Gaydon)  Y,  y  bands  and  the  Ng  (Vegard -Kaplan)  bands  may 
be  unusual  but  not  unbelievable. 

The  N2(2+)  bands  seem  to  fit  well  —  occasionally  being  the  only 
species  that  can  be  assigned.  Presence  of  the  Ng+(1  )  system  is  not 
so  certain.  The  (0,0)  3914  A  and  (C,l)  4278  I  of  N2+(l“)  should  both 
be  rather  prominent.  But  4278  l  appears  much  more  intensely  than 
3914  a .  In  fact ,  clear  recogniti on  of  391^  X  appears  only  on  the 
grating  spectrographs;  whereas  4273  A  appears  on  all  spectrographs. 

f .  Light  can  be  seen  from  an  explosion  until  extremely  late 
time.  When  barely  a  wisp  or  two  remains  of  the  explosion  gases, 
that  wis$  radiates  rather  brightly.  We  have  been  unable  to  make  any 
wavelength  measurements  at  such  late  times  with  our  spectral  instrumen¬ 
tation  (c.f..  Appendix  B).  We  deduce,  however,  that  the  wisp  radiation 
is  longer  than  about  6300-6500  A  or  so.  Now,  these  wavelengths  appear 
essentially  at  zero  time  and  remain  almost  unchanged  in  character 
until  the  last  bit  of  light  goes  out  on  our  spectral  r-e?cord3  ana 
probably  remains  unchanged  for  tens  of  milliseconds  (for  an  8-lb 
charge).  What  radiators  could  put  out  such  intense  light  for  so 
long  a  time? 

We  have  listed  several  possibilities  in  Table  A-l.  These  Include 
several  bands  of  Ng  --  such  as  the  Gaydon  and  the  Meins!  bands  that 
are  well  known  --  and  an  obscure  afterglow  group,  the  LeB'ianc -Tanaka- 


Jura  a  bands,  Th&fie.  and  the  others  have  listed  (R«ch  as  KBU  sod 
HgO),  fit.  the  unknown  wavelengths  credibly.  But  we  nave  little 
reason  to  believe  that  these  species  can  radiate  with  high  intensity 
for  tens  of  billiseconds . 

A  number  r>?  wavelengths  in  the  6300  a -on  part  of  our  table 

die  out  in  ^-seconds;  K  at  7SB2  A,  for  example,  certainly  doesn’t 
radiate  for  many  milliseconds,  nor  should  we  expect  it  to  radiate 
i&sah  differently  from  Ha  5^93  a  which  dies  out,  clearly,  in  1-2  milli¬ 
seconds  on  our  records.  But  v?e  lack  late-time  spectra  and  we  cannot 
isolate  from  our  early-time  spectra  which  wavelengths  last  for  tens 
of  milliseconds  and  which  don’t..  The  intense,  long-lived  explosion 
species  ara,  therefore,  probably  not  correctly  identified. 

A -1.2, 4:  Summary  of  Spectral  Features:  Over  400  wavelengths 
can  be  fcudd  for  Table  A-l  by  cabining  the  records  from  different 
spectrographs  of  various  explosive  mteriala  (TUT,  pent  elite,  IU>X, 

CKM  4-  THM)  aril  KDX  4  l¥.) ,  The  range  is  from  about  25 00  to 
9000  A.  Undoubtedly,  even  mere  lines  and  bands  are  present  nn  she 
records  which  cannot  be  recognised  and  measured  as  individual  features. 

A  wide  range  of  possible  species  —  both  molecular  and  atomic  — 
over  an  energy  range  from  about  2  to  20  av  can  be  assigned.  A  number 
ox'  these  can  be  considered  as  ” impurities”  --  such  as  CH,  Ca,  a»xd  Ha. 
Others  can  be  directly  attributed  to  the  presence  of  explosion  preduets 
such  as  0^,  00,  and  HHg.  Kany  of  these  impurity  and  explosion-products 
speoiea  can  be  found  in  the  spectra  of  meteors  ana  comets.  But  the 
preponderant  number  cf  wavelengths  must  be  assigned  to  air  species 
(he.,  Ng  0o,  0  or  Vi)  alone,  somehow  excited  by  the  explosions. 

&any  of  these  species  are  unusual  —  such  as  the  forbidden  0o  Broida- 
daydon  bands  or  vegaid -Kaplan  bands  cf  Ng.  Certain  species  that 
might  well  be  expected  to  appear  cn  explosions  —  Cg,  CH  (Red),  and 
N.^Cl1')  bands  —  do  net  seem  to  occur  on  these  spectra. 

Although  species  can  be  assigned  so  wavelengths  frc*&  about- 
63CO-9QOO  A,  there  seems  little  reason  to  believe  that  these  species 
can  create  the  intense  radiation  for  tens  of  milliseconds  that  has 
been  observed  on  explosions. 
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A-1.3:  Comparison  of  Explosion  Species:  In  Table  A-l  we  have 
lumped  all  spectral  films  together,  ignoring  any  differences  among 
explosive  materials.  In  this  section,  we  ask,  what  are  the  differ¬ 
ences?  C  r  largest  collection  of  data  is  from  the  AVCO  and  we 
confine  our  comparisons  to  these  ^-second  records. 

In  Table  A-3  we  list  wavelengths  for  several  explosive  materials. 
Each  column  is  a  summary  of  all  AVCO  data  available  for  that  explosive. 
A  much  larger  number  of  entries  can  be  made  for  pentolite  and  RDX 
than  for  TNT  and  (NM  +  TNM).  For  TNT,  the  light  is  there  (for  the 
charges  larger  than  3  lb)  but  spectral  features  cannot  be  distinguished 
For  (JIM  +  TNM)  the  light  just  is  not  there  —  on  these  ^-second 
records.  The  later-developing  light  from  this  explosive  does  register 
on  the  Cine  Spectrograph  but  is  so  intense  that  wavelength  values  are 
impossible  to  read  on  records  for  (NM  +  TNM). 

In  Table  A-3  there  are  some  similarities  but  we  really  can  conclude 
little  from  looking  only  at  the  wavelength  values.  A  better  proce¬ 
dure  is  to  compare  the  entire  spectrum  of  one  explosive  with  another. 

In  Figure  A -7  we  have  compared  several  densitometer-  tracings. 

These  were  made  with  a  Jarrell -Ash  Microphotometer  scanned  across 
the  AVCO  films,  just  past  zero  time.  The  tracings  were  then  matched 
as  closely  as  possible,  in  wavelength,  to  make  up  the  figure.  Only 
£50,  #5 6.  and  #34  were  even  roughly  aligned  in  amplitude  (and  this 
was  done  only  by  using  the  amplitudes  of  the  Kg  reference  lines  on 
each  film).  The  other  tracings  have  no  amplitude  relation  whatsoever 
from  one  to  another.  All  records  were  made  on  Snellburst  film.  No 
corrections  for  film  response  have  been  made. 

V/e  note  tbs  following  fret?.  Figure  A-7: 

(l)  There  are  3  maxima  in  the  red  for  meat  shots:  at  about 
‘>600-6700  ir  6000 -6200  X,  and  ~5oOO  A.  The  relative  heights 
of  these,  however,  shift  around  for  the  different  materials. 


If  we  label  the  above  peaks  1,  2,  and  3,  then  we  note  that 
the  order  for  pentolite  #50  is  1,  2,  and  3  hut  for  (NM  -5-  TNM) 
#34  is  3,  2.  and  1  for  decreasing  intensity. 

(2)  Moving  from  the  red  into  the  blue,  the  amplitude  decays 
quicKlv  (only  partly  due  to  decrease  in  film  sensitivity). 

The  rise  on  some  of  the  films  occurs  roughly  4400-4700  A, 
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especially  noticeable  on  pentolite  #50  and  (NH  +  TNM)  #56. 

The  next  rise  occurs  in  the  neighborhood  of  the  CN  4216  A 
sequence  and  is  particularly  noticeable  on  the  pentolite 
#50  film.  CN  seems  to  be  missing  on  any  shot  with  TNM, 
clearly  missing  on  the  (NH  +  TNM)  shots.  The  CN  group 
is  missing  on  the  RDX  shots  of  Bigure  A-7  but  has  been 
found  on  other  RDX  shots,  where,  possibly,  film  sensitivity 
is  more  suitable  to  reveal  it. 

The  presence  of  lucite  or  glass  in  the  charge  (which  was 
used  in  these  charges  to  hold  either  the  liquid  or  loose 
powder  materials)  does  seem  to  affect  the  spectrum  but  not 
in  measurable  terms.  CN  seems  to  be  missing  if  either 
material  is  present  in  the  shots  of  Figure  A-7  and  in  other 
shots . 

(3)  Although  we  think  that  there  is  no  doubt  about  the 
identity  of  CN  at  42l6  l  and  3863  A,  in  these  spectra,  we 
do  note  that  the  intensity  distribution,  say  in  #50,  is 
not  the  expected  distribution  with  wavelength  (c.f.,  dis¬ 
cussion  in  Appendix  B  of  REED) .  The  identification  of 

in  these  spectra  suggests  that  C^  bands  may  be  overlying 
the  CN  structure  and  changing  the  intensity  distribution. 

The  strongest  line,  usually  found  in  this  42l6  a  sequence 
if  4l4X.  Such  a  wavelength  is  not  a  part  of  C^  and  we 
cannot  find  an  appropriate  species,  atomic  or  molecular, 
for  this  unusually  strong  line.  We  have  listed  this  line 
in  Table  A-l  as  4142,  4145,  4l40  for  the  different  spectro¬ 
graphs  and  give  K2  and  ?e  as  possible  identifications.  This 
is  probably  incorrect. 

(4)  Finally,  we  note  that  the  Ca  4227  a  and  Ca+  3934.  39$8  k 
lines  that  are  strong  radiators  for  pentolite  and  TNT 
explosions  are  not  detectable  on  these  shots,  except  for  #50. 
Indeed,  the  strong  Na  5890,  5896  A  doublet  (that  we  find 

as  a  broad  line  at  5893  X  with  our  resolution)  is  missing  on 
both  #67  and  #63  in  Figure  A-7.  Seldom  is  the  Na  line 
missing. 
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Thus,  there  are  variations  from  one  explosive  to  another  in  a 
broader  sense  than  a  wavelength  or  so  missing.  These  variation 
occur  over  broad  wavelength  ranges  arvJ  are  usually  *reproducible  — 
although  there  are  details  that  are  not  reproducible  frcxa  Shbt  to 
shot  of  the  same  explosive. 

A  - 1 . 4 :  Comparison  of  Explosion  Spectra  with  Predictions  for 
Shocked  Air:  In  Section  A-l.2.2  we  used  the  results  of  comparisons 
of  our  spectra  with  predictions  for  shocked  air  to  guide  us  in  the 
assignment  of  species  to  the  unknown  wavelengths.  We  now  look  ac 
two  such  possible  comparisons  in  Figure  A-8  and  A-9. 

We  have  used  the  predictions  of  BREENE  et  al  which  are  conveniently 
given  as  a  function  of  wavelength  at  thermodynamic  conditions  near 
to  those  that  should  hold  in  our  explosions.  In  Figure  A-8,  we 
have  presented  the  densitometer  trace  of  the  AVCO  film  #73  —  a  32 -lb 
TNT  sphere.  The  tracing  was  made  just  after  zero  time  on  the  time- 
resolved  record.  Superimposed  are  data  symbols  to  represent  our 
estimates  of  how  the  computed  airshock  radiation  would  have  appeared 
on  the  Tri-X  film  used  for  #73.  These  estimates  were  made  from 
BREENE’s  calculated  overall  radiation  results,  representing  a  summation 
of  the  output  of  several  radiating  species.  The  dashed  line  between 
data  symbols  only  connects  the  symbols;  no  effort  was  made  to  simulate 
the  BREENE  curve  in  between  symbols. 

We  have  arbitrarily  superimposed  the  theoretical  data  at  convenient 
viewing  positions  by  adjusting  the  amplitude  of  the  theoretical  value 
at  3883  Thus,  although  the  amplitude  of  one  curve  has  no  meaning 
with  respect  to  the  amplitude  of  the  other,  the  variation  of 
amplitude  with  wavelength  that  we  have  given  for  the  theoretical 
data  does  follow  BREENE :s  results. 

We  see  that  the  predictions  have  an  opposite  dependence  on  wave¬ 
length  to  what  we  have  observed.  This  particular  theoretical  curve 
was  computed  for  eauilibrtum  air  at  5C00°H  and  p./o^  =*  0.1,  conditions 
reasonably  close  to  What  we  expect  (c.f..  Section  A-l.2.2).  Slightly 
closer  to  the  experimental  situation  would  be  p/po  =1,  but  the 
overall  curve  for  this  density  ratio  should  differ  only  slightly 
from  the  value  fGr  which  predictions  are  available. 
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In  Figure  A-9,  another  set  of  predictions,  taken  frcm  NARDONE 
et  al,  for  shocked  air  at  temperatures  of  3000,  10,000,  and  25,000°K 
are  given  as  solid  lines.  To  make  the  comparison  conveniently  with 
explosions  spectra,  we  took  values  fran  #74,  corrected  for  film 
response,  ars"  superimposed  these  data  in  Figure  A-9*  Again,  ampli¬ 
tudes  have  to  be  adjusted  arbitrarily:  we  have  set  the  experimental 
value  at  4000  £  equal  to  unity  on  the  log  intensity  scale. 

Crt.ii’  explosion  spectra  do  not  look  like  the  predirbions  for 
Chocked  air  in  Figure  A -8  or  A-9* 

A -2 i  Electronic  Spectra 

A-2.1:  Py-I  Measurements;  Typical  records  fran  the  Py-x 
are  given  in  Figure  A-1C.  Data  on.  spherical  explosions  are  given  in 
T’able  A-4*  Difficulties  in  compiling  the  table  arise  because  each 
explosion  was  slightly  to  very  different  from  shot  to  shot.  For 
example,  saps  of  the  charges  lumped  together  under  "Pentolite  Explosions” 
were  cooled  to  -50°?;  others  were  not.  Again,  the  experimer;  #79 
{RDX  charge)  contained  an  argon-flash  bomb  behind  the  charge  which, 
orobafcly,  accounts  for  the  increased  Py-I  readings.  Some  of  the 
scatter  in  these  data  results  from  the  variations  in  the  experiments, 
but  seme  also  results  from  the  basic  irreproducibility  of  the  light 
frer.  explosions. 

V'ith  these  difficulties  in  mind,  we  make  the  following  observations 
free*.  Table  h- 4: 

a.  Amplitudes  of  Sand  0  <  Band  1  always.  In  general. 

Band  1  <  Band  2  but  there  are  one  or  two  exceptions. 

Band  2  ■&  Sand  3  usually;  but  occasionally  Band  2  >  Band  3, 
especially  for  KDX  shots.  Bands  0  through  3  cover  a  spectral 
range  from  about  5200  to  8200  A.  Thus,  we  conclude  that 
explosion  luminosity,  generally  but  not  always,  monotonically 
increases  to  the  red . 

o.  -yhe  least  intense  explosions  are  those  fran  TNT  and 
(NM  +  TNM),  according  to  the  Py-I  data.  But  the  liquid 
explosive  is  delayed  in  developing  its  light  until  tiroes 
past  the  recording  capability  of  the  Py-I  instrumentation. 
Undoubtedly,  the  liquid  explosive  produces  much  more  light 
than  TNT,  but  we  have  no  measure  of  that  late  light.  Pentolite, 
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RDX,  and  (RDX  +  THM)  rank  in  increasing  intensity  over 
5500-3200  A.  But  in  Band  0  (6200-5800  A)  RDX  produces 
less  intensity  than  pentolite. 

c.  In  side-on  yiews  of  the  explosions  (entries  in  Table  A-4 
do  not  distinguish  the  different  viewing  points  at  l",  2n, 
and  3"  from  the  surface  of  the  charge)  pento’ite  is  generally 
brighter  than  RDX,  because  of  the  greater  opacity  of  the 
pentolite  explosion  products.  The  addition  of  graphite, 

at  least  in  the  RDX  shots,  cuts  down  (or  leaves  unchanged) 
the  light  intensity  over  various  bands.  The  spectral 
coverage  on  shots  frcm  #84  on  ran  from  4350  to  9500  A  so 
that  the  C2-Swan  bands  that  we  had  expected  to  Increase 
radiation  were  entirely  observable  by  the  Py-I.  Since  the 
radiation  was  not  increased,  we  suspect  (along  with  other 
reasons  cited  in  Section  A-l.2.3)  that  the  Cg-Swan  bands 
were  not  present.  Addition  of  Al,  on  the  other  hand,  in 
#75  produced  a  tremendous  Increase  in  the  light  In  Band  0 
and  slight  increases  In  Bands  1-3  over  normal  pentolite. 
Dramatic  Increases  we're  also-  obtained  from  addition  of  Al 
In  the  times  for  light  to  decay. 

d.  The  times  in  Table  A-11  jump  around  rather  badly. 
Generalizations  are  difficult.  There  may  be  a  trend: 

Band  3  >  Band  2  >  Band  1  >  Eand  0;  but  it  Is  difficult  to 
be  sure.  On  the  whole  RDX  times  are  smaller  than  those 
for  pentolite. 

A-2.2:  Other  Photoelectric  Measurements:  The  Py-I  records 
can  give  false  Impressions  of  the  overall  light  produced  by  an 
explosion.  The  ?y-I  is  constructed  to  look  at  a  fixed  area.  After 
being  initiated,  the  charge  was  lit  up  asymmetrically,  as  the 
detonation  wave  reached  the  edge  of  the  charge  non-uniformly. 

(This  asymmetry  accounts  for  much,  but  not  all  of  the  rise  time  to 
peak  radiation  In  Figure  A-10  and  in  Table  A-4.)  When,  however, 
the  luminous  front  had  expanded  beyond  the  distance  where  the  Py-I 
was  focused,  the  light  reaching  the  photodiodes  of  the  Py-I  neces¬ 
sarily  decreased  --  without  regard  for  what  the  intensity  of  the 
luminous  front  really  was  doing. 
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We  can  look  at  this  in  Figure  A-ll.  Trace  (a)  sees  the  same 
view  as  does  the  Py-I.  (To  obtain  this  signature,  a  Solar  Cell 
was  placed  at  the  mirror  position  of  the  Py-I  and  the  prism  was 
removed.)  We  see  that  the  signal  rises  and  falls,  pretty  much  as 
do  the  signals  in  Figure  A-10  for  the  various  Py-I  bands.  For 
trace  (b)  an  identical  Solar  Cell  was  used,  but  without  the  fore¬ 
optics  of  the  Py-I,  so  that  the  entire  surface  area  of  the  expanding 
luminous  front  was  seen  by  the  Solar  Cell . 

The  traces  from  two  much  faster  responding  detectors  are  given 
in  traces  (c)  and  (d),  which  also  have  different  spectral -response 
characteristics  from  those  of  the  Solar  Cell.  We  note  that  the 
faster  931A  now  saw  a  double  peak,  the  first  part  of  which  was 
probably  caused  by  the  asymmetrical  breakout  of  the  detonation  wave 
at  the  edge  of  the  charge.  We  also  note  that  both  the  931 A  and  the 
1P28  decreased  with  time  after  the  peak. 

We  can,  therefore,  conclude  from  use  of  all  four  detectors  that 
the  luminous  front  on  an  explosion  continues  to  grow,  at  least 
for  tens  of  ^-seconds,  past  the  first  peak  of  intensity  but  only  at 
wavelengths  greater  than,  say,  6000  A.  Such  a  conclusion  could 
not  have  been  obtained  from  the  Py-I  records  alone. 

A -4:  CONCLUSIONS 

A  number  of  spectra  have  been  obtained  of  explosion  lumin¬ 
osity  with  photographic  and  electronic  Instruments  of  varying  time 
resolution. 

The  spectral  coverage,  varying  from  instrument  to  Instrument, 
is  from,  roughly,  2500  to  9000  *.  Characteristically,  explosion 
spectra  are  weak  In  the  blue,  increasing  to  intense  maxima  in  the 
red.  There  are  variations  in  the  spectral  details  from  one  explosive 
to  another.  The  peak  radiation  of  PJ)X  charges  occurs  near  65CO  a 
(Band  2  peak) .  Pentolite  peaks  near  7300  X  (Band  3  peak) .  The 
observed  dependence  of  explosion  light  on  wavelength  Is  opposite 
to  that  expected  from  equilibrium  shocked  air,  which  has  been 
theoretically  predicted  to  decrease  in  intensity  going  fresn  the  blue 
to  the  red. 

The  observed  radiating  lifetimes  vary  with  wavelength.  Radiatoi * 
In  the  blue  die  out  rapidly;  our  spectrographs  record  blue  radiators 
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only  for  a  few  p-seconds,  Radiators  in  the  deep  red  last,  on  the 
other  hand,  for  many  milliseconds. 

Disregarding  the  differences  in  spectra  from  different  explosives 
we  have  ecxnpiled  a  list  of  over  *100  wavelengths  distinguishable  on 
the  photographic  records.  Identification  of  the  species  producing 
these  wavelengths  is,  by  no  means,  clear.  Vfe  have  made  reasonable, 
even  if  Incorrect,  assignments  of  species  to  most,  but  not  all  these 
wavelengths.  The  intense  lines  of  Ca,  Ca+,  Na  and  K  are  readily 
identified  in  nearly  ail  the  spectra.  The  intense  violet  bands  of 
GN  and,  probably,  are  also  readily  identified  on  most,  but  not 
all,  spectra.  Inexplicably,  certain  systems  do  not  appear  to  be 
present  —  the  red  CN,  the  Cg-Swan,  and  the  Ng(l+)  bands.  Other 
identifications  that  we  have  made  vary  over  a  wide  energy  range  — 
from  about  2  ev  (for  forbidden  Og  bands)  to  over  20  ev  for  ionized 
Hg+  bands.  The  existence  of  low-energy  forbidden  Og-bands  in  an 
explosion  is  as  startling  to  us  as  the  existence  of  such  high-energy 
systems  as  Ng+  and  0g+,  since  the  mechanisms  of  producing  either 
energy  extreme  in  an  explosion  is  obscure  to  us.  Much  more  remains 
to  be  done  to  clarify  the  identifications  and  to  understand  the 
reactions  that  occur. 

Identification  is  particularly  uncertain  in  the  red,  above,  say, 
6000  A.  We  have  not  found  likely  species  to  account  for  the  intense, 
long-lived  radiators  that  occur  on  explosions  in  this  part  of  the 
spectrum. 

Finally,  there  appear  to  be  remarkable  wavelength  coincidences 
between  explosion  spectra  and  the  spectra  produced  by  comets  and 
meteors . 
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TABLE  A-l  (CONTINUED) 


EXPLOSIONS 


HUGER  i  GRATING  CINE  AVCO  COMET 


3094  OH 


3107  OH 

3122  OH 
3135  OH 
3143  OH 
3148  OH 
3154  OH 
3159  OH 


!  POSSIBLE  IDENTIFICATION 


i  CO*  3093  CN*  3092  At 


N?  3104  (2+)  O2  3104  (SR) 
02  3111  (HI) 


NH  3119 
OH  3126 
OH  3135 
OH  3147 


CO*  3169 


CO+ 


CO+  3222 
CO  3235 
CO  3241 
NH  3252 
CO*  3260 

CO*  3274 
NH  3231 


CO  3306 
CO+  3314 
CO*  3316 


NH 
NH 
NH 
NH 
1  NH 
:  NH 
1C02+ 


Ni  3102 


CO*  3123 
Ni  3134 
CH  3144 


02+  3114  (2“) 
02+  3130  (2 1 
N2  3131  (VK) 
02*  3141  (21 
Oz+  3149  (21 
CH  3157 
02  3163  (SR) 
02  3165  (HI) 

CN*  3185 
NO  3198  (0) 
N2  31 97  (VK) 


Oz+  3211  (21  NO  3207  (0) 

02  3223  (SR) 

O?  3233  (SR)  Li  3233 

NH  3240  Ni  3243 

02  3252  (HU)  Gi  3248 

02  3257  (HI)  CN*  3263 

N2  3268  (VK) 

NH  3273  Gw  3274 

02  3284  (HI) 

N2+  3294  (I*) 

O?  3294  (SR) 

02*  3300  (2")  N2*  3299  (11 

02+  3304  (21  No  3303 

NH  3308 
02*  3313  (21 
02  3316  (HI)  Ni  3316 

Oz+  3323  (21  Ni  3322 

OH+  3332 
02+  3334  (21 


N2*  3299  (11 
No  3303 


Ni  3316 
Ni  3322 


CO*  3352 
CO*  3353 
NH  3360 
CO*  3366 
NH  3370 

NO  3376  (0) 
NO  3386  (/?) 


N2  3352  (VK) 
02  3357  (SR) 

02  3368  (HI) 
02  3370  (SR) 

02  3382  (HI) 

Oo+  3393  (21 


Ni  3362 
Ni  3366 
Ni  3370 
Ni  3374 
Ni  3381 
Ni  3391 
Ni  3393 


I  T 


EXPLOSIONS 


H1LGER 

GRATING 

3402 

3404 

3407 

3410 

3411 

3417 

3415 

3420 

3423 

3430 

3435 

3440 

3446 

3450 

3452 

3460 

3462 

3465 

3475 

3477 

^480 

3479 

3486 

3490 

3495 

3500 

3497 

3505 

3510 

3512 

3516 

3520 

3520 

3525 

3530 

3531 

3535 

3540 

3543 

AVCO  COMET 


3416  CO* 
3431  CO+ 


3509  CO2 


354.5  C02 


3565  OH 
3572  CN 
3577  CN 
3580  CN 
3584  CN 

3594  CO* 


3616  OH* 


POSSIBLE  IDENTIFICATION 


CO*  3413  CO  3412 

Co  3405 

Co  3409 

Co  3412 

CO*  3415  02  3215  (HI) 

Ni  3415 

N2  3425  (VK)  02+  3421  (2“) 

Ni  3423 

CO*  3428  OH  3428 

Co  3432 

OH  3432  C2  3433  (SR) 

Co  3433 

02  3450  (HI) 

Ni  3437 

Ni  3446 

Cc  3454 

OH  3459  02  3457  (HI) 

Co  3463 

N2  3466  (VK)  02*  3466  (2") 

N  3466 

OH  3472 

Co  3474 

CO  3482  O,  3479  (HI) 

CO  3485 

Ni  3484 

02+  3494  (2-) 

Co  3496 

N2  3502  (VK)  Oo  3499  (SR) 

Co  3502 

CH  3505 

CO*  3510 

Ni  3515 

CO*  3512  02  3517  (SR) 

02+  3518  (2“) 

Ni  3520 

CO*  3527  No*  3533  (1~) 

Ni  3525 

Co  3530 

N2*  3538  (1-) 

02  3540  (Hi) 

02*  3542  (2~) 

N2*  3548  (1-) 

Ni  3548 

02  3553  (HI) 

OH*  3562  N2*  3564  (1“) 

02*  3568  (2‘) 

Ni  3566 

NO  3572  (0) 

Ni  3572 

N2  3581  (VK)  02  3582  (SR) 

N2*  3562  (H 

NO  3534  (0)  CO*  3586 

CN  3584 

CN  3590 

02  3596  (BG) 

Ni  3598 

N2  3602  (VK)  02*  3604  (2“) 

CN  3603 

NH  3610 

Ni  3610 

02*  3619  (2") 

Ni  3619 

NH  3627  02  3628  (HU) 

02*  3630  (2') 

CH  3636  0  2  3635  (HI) 

N2  3642  (T) 

02  3651  (SR) 

02*  3653  (2~) 

* -'  -^VM  -^laife^iak-Jty^:.^ *#.«:• 
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TABLE  A-l  (CONTINUED) 


R, '! 


EXPLOSIONS 


HUGER  GRATING  CINE 


aVCO  COMET 


3674  CO2 


3695  C.O 


3700 

3709  CO+ 
3718 

3726  CO+ 


3739  C3 
3741 


3762  C3 


3803  CO 


3851  CN 
3854  CN 
3862  CN 
BEGIN  3869  CN 
3883  3883  CN 

3893  CN 


3903  CH 
3908  CH 


3922  CH 


3935  NaH 


POSSIBLE  IDENTIFICATION 


Vi 


1.  ; 

f  L 

L  -m 


t: 


■  z 


& 


.  "% 


EXPLOSIONS 


HILG  ’ 


3965 

3968 

3980 

3950 

3995 

4000 

4015 

4025 

4030 

4035 

4050 

4060 

4068 

4075 

4085 

4090 

4095 

4103 

4103 

4115 

4125 

4130 

4142 

4150 

4160 

4165 

4180 

4190 

4195 


4205 

4210 

4215 

4227 

4240 


4250 


GRATING 

CINE 

AVCO 

COMET 

3964 

3968 

3968 

3968 

3980 

3980  C3 

3989 

: 

3987  C3 

3998 

3994 

3993  C3 

4001 

4000  C3 

4015 

4018  CO+ 

4019 

4020 

4020  C3 

4027 

4022  C3 

4028  C3 

4036 

4040 

4033  C3 

4051  C3 

HI 

4065 

4064  Co 

4068 

4063  C- 

4076 

4G78 

4074  Co 

4038 

4084  C3 

4090 

4093 

4093  C3 

4096 

4096 

4105 

409?  C3 

4109  C3 

4115 

4119 

4124  CO* 

4132 

4135 

4138  C3 

4145 

4140 

4140  CO* 

4149 

4151 

4155 

4160 

4165 

4167 

4170  NaN 

4176 

4178 

4183 

4185 

4181 

4180  CN 

4193  CN 

4194 

4198 

4197  CN 

4201 

4200 

4206  CN 

4213 

4210  CN 

4218 

4216 

4216 

4215  CN 

4227 

4227 

422“ 

4231  CO'1' 

4238 

4239  CH+ 

4212 

4247 

4245  AiH 

4249  CO  ' 

14251 

4252  CO+ 

POSSIBLE  IDENTIFICATION 


CH  *  3962 

C3  3964 

Co  +  3968 

Ai  3962 

N2  3978  (VK)  Oo  3982  (Ch) 

Co  3980 

02  3987  (SR) 

C3  3587 

Nj  3998  (2+) 

02  3994  (HU) 

Co  3995 

C34002 

Q2  4005  (Ch) 

4  Fe  4005 

CO+  4017 

C3  4013 

C3  4019 

02  4021  (SR) 

Co  4022 

C3  4028 

C2  4028  (Ch) 
C2  4033  (BG) 

CH  4028 

NO  4047  (0  ) 

1  02  4041  (Hi) 

K  4044 

43  Fe  4046 

02  4050  (BG) 

K  4047 

N2  4059  (2r) 

C3  4054 

N2  405?  (2+) 

02  4062  (BG) 

43  Fe  4064 

N2  4072  (VK) 

On  4068  (Ch) 

C34068 

C3  4074 

02+  4082  (21 

c3  4085 

Oo  4085  (Ch) 

CH  4083 

C3  4090 

02  4092  (Ch) 

Co  4092 

C3  4099 

02  4096  *SR) 

Q2  4106 (Ch) 

C3  4109 

C3  4109 

02  4109  (Ch) 

Co  4111 

N0  4’U  (/5) 

02+  4116  (2-) 

Co  41 18 

NH  4120 

02  4120  (BG) 

Co  4121 

C3  4124 

CO  4124 

CO*  4130 

02  4129  (Co) 

K  4132 

C3  4138 

02  4133  (Ch) 

CO+  4139 

N2  4144  (VK) 

N2  4142  (2+) 

43  Fe  4144 

C2  4146  (BG) 

42  Fe  4148 

CC+  4152 

CO  4157 

NHo  ^153 

CN  4153 

CN  4168 

CK*  4178 

02  4173  (SR) 

CN  4181 

CO  4188 

CN  4197 

CO  4173 

NO  4201  (  0  )  N2  4200  (2+) 

42  Fe  4202 

02  4204  (BG) 

NO  4215  (£)02  4213  (Ch) 

CO+  4210 

CN  4216 

Co  4227 

CH*  4237 

02  4240  (Ch) 

N2*  4237  (i-1 

CO+  4244 

02  4242  (Ch) 
CO*  4246 

CO+  4248 

COf  4251 

42  Fe  4250 

*2 
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TABLE  A-1  (CONTINUED) 


I  EXPLOSIONS 

COMET 

POSSIBLE 

IDENTIFICATION 

HILGER 

GRATING 

CINE 

AVCO 

4486 

4488 

4485  C2 

N2  4490  (2+) 

CO  4488 

4490 

4494 

4490 

4494 

N2  4495  (Vk) 

CO  4494 

2  Fe  4490 

4504 

4509 

4504  Co 

NH  4502 

02  4504  (SR) 

CO  4505 

4515 

4515 

4511  NP-2 

N2+  4516  (1*) 

CO  +  4518 

NH2  4511 

4520 

4519 

CO+  4521 

02  4522  (HII) 

CO  4521 

4527 

NH  4523 

CO  4524 

Co  4531 

4535 

4536 

N2  4534  (VK) 

CO+  4539 

4543 

4540 

4541  C2 

CO+  4543 

02  4544  (BG) 

CO  4541 

4546 

4545 

4544  CO+ 

4554 

4551 

4554  MqH 

N2+  4553  (1-) 

3c  +  4554 

C$4450 

4560 

4565 

4569 

4565 

4569  COT 

CO+  4568 

02  4568  (BG) 

Co  4566 

4580 

C2  4579  (HI) 

Co  4582 

4597 

4593 

4593 

4598 

/•S 

<14 

« 

O 

2 

02  4591  (HII) 

C$  4593 

4609 

4613 

4613 

Sr  4607 

02  4609  (HO) 

LI  4602 

4617 

4619 

4623 

4622 

4630 

4630 

4629 

Co  4629 

4635 

4640 

4632,34 

02  4637  (HE) 

4650 

N,  4650  (VK) 

Ni  4619 

4655 

4655 

4655 

N2  +  4652  (I") 

4661 

4662 

CO  4661 

Co  4663 

4670 

4670 

4672 

4670 

CO  4663 

N2  4667  (2*) 

4677 

4676  C2 

CO  4630 

02‘  4679  (2“) 

4683 

4683  C2 

CO  4685 

02  4686  (BG) 

CO"  4683 

4705 

4706 

4705  C2 

CO  4702 

02  4704  (BG) 

N2+  470?  (!") 

4714 

4713  C2 

CO  4717 

Ni  4714 

4725 

4728 

NH2  4720 

02"  4721  (2") 

N2  4724  (2+) 

4733 

4733 

4735  C2 

OH  4730 

4742 

4743  C2 

4748 

4746 

CO  4749 

Co  4750 

4754 

4760 

4760 

CO  4764 

02'  4/60  (2~ ) 

02  4761  (SR) 

4770 

4767 

4775 

CH*  4776 

Co  4780 

4792 

4791 

CO  4787 

CH*  4794 

Co  4793 

4804 

4805 

4810 

4801  KH 

02  4806  (HU) 

4315 

4820 

N2  4815  (2*) 

C>2  4816  (SR) 

Co  4813 

4833 

CO  4835 

CO*  4837 

4840 

4339  HCO 

N2  4837  «VK) 

02  4840  (5G) 

N  4842 

4850 

4852 

02  4848  (BG) 

END 

4857 

CO  4855 

CH  4857 

Co  4859 

4862 

4868 

4872 

CO  4869 

CO+  4869 

Co  4868 

4883 

4830 

4877  SiC2 

CO  4881 

02  4881  (HI) 

1 

1/  Ty 
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EXPLOSIONS 

HUGER  I  GRATING  CiNE  AVCO  COMET 


POSSIBLE  IDENTIFICATION 


4890 

COT  4884 

CH  4888 

CO+  491 1 

02  4905  (SR) 

4924 

CH  4914 

M2  4917  (2+) 

NH2  4925 

4925  NH2 

CO  4936 

02  4935  (HID 

Ba  +  4934 

4946 

NH2  4946 

N2  4976  (2+) 

CO  4980 

N1  4980 

CO  4988 

02  4997  (SR) 

Co  4988 

Co  5G23 

5029 

CO+  5040 

02+  5035  Q.~) 

5054 

N:  5047  (Go) 

Co  5053 

5097  C2 

^  5090  (G0) 

02+  5102  (2~) 

Cu  5106 

02+  5143  (2”) 

5153 

No  5149,54 

Oo  5156  (SR) 

Cu  5153 

5165  C2 

N  H2  5166 

5182 

Mg  5176 

Co  5176 

5201 

CO+  5204 

Cr  5203 

N  5201 

5220 

NO  5224 

CO  5216 

Cu  5218 

CO  5258 

02+  5259  0“) 

Co  5266 

5271 

N2  5272  (Go) 

5284 

CO+  5286 

^  5290  (G  B  ) 

Co  5281 

5316 

CO4  5318 

5309  (Go) 

CO  5318 

5352 

CO  5351 

Co  5353 

53S1 

CO  5378 

NH2  5385 

CO+  5394 

O-  5395  (BG) 

CO  5397 

5417  NH2 

NH2  5417 

Oz  5425  (SR) 

Cr  5410 

5428 

N2  5435  (Go) 

02  5435  (HE) 

NH2  5428 

5444 

02+  5443  (2~) 

CO  5449 

5466  C2 

N^  5465 

02  5466  (SR) 

CO  +  5461 

5483  C2 

OH  5481 

& 

£ 

00 

0 

0 

a 

Co  5433 

553?  C2 

OH  5534 

No  5527  (G  a  )  3o  5536 

NO  5559 

02+  5567  (I") 

5577  O 

NH2  5575 

N2  5574  (G  a  )  O  5577 

5583  C2 

Co  5590 

N2  5594  (G  $  )  02+  5598  (P) 

5612 

CO  5610 

5602  (G  a  ) 

5634 

CO  5648 

N?  5640  (G  «  )  Co  5647 

CO+  5653 

U2  5661  (G  B  ) 

Co  5661 

5679 

H20  5683 

02*  5678  (2~) 

NH2  5703 

02  5702  (HD) 

CO+  5694 

5733 

NH2  5730 

0,0*  5764 

N2  5776  (G  B  ) 

5798 

CO  5781 

Cu  5782 
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TABLE  A-1  (CONTINUED) 


EXPLOSIONS 

HILGER  GRATING  I  CINE  I  AVCO  COMET 


7721 

END  7772 


8224 


COMET 

POSSIBLE 

IDENTIFICATION 

NO  7140 

H20  7165 

Ni  7122 

CO  7210 

N2  7241  (l.TJ) 

^  7418  (LTJ) 

H20  7502 

N2  7600  (LTJ) 

K  7664, 99 

N2  7789  (LTJ) 

O  7774 

N2+  7826  (M) 

CO  7834 

Rb  7800 

7906 

N2+  8054  (M) 

NO  8021 

N2  8055  (LTJ) 

8106 

N2+  8105  (M) 

Li  8127 

N2  8260  (LTJ) 

CO  8223 

N2+  8348  (M) 

02+  8347  (I") 

N2+  8546  (M) 

1^  8471  (LTJ) 

Cs  8521 

N2  8689  (LTJ) 

NO  8731 

NOTES  FOR  TABLE 


G  (a,  f$,  "f  ):  Goydon  green  bands 

LTJ:  Le  Blanc,  Tanaka,  Jursa  bands 

M:  Meinel  bands 

VK :  Vegard  -  Kaplan  bands 


BG:  Broido  -  Goydon  bands 

Cb:  Chamberlain  bands 

H  (i, U):  Herzherg  bands 

SR:  Schumann  -  Range  bands 


3.  1  ,  2  etc.: 


firs-  positive,  second  positive  etc 


4.  Number  before  Fe  identifies  multiplet 
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TABLE  A-2:  SUMMARY  OF  RADIATING  SPECIES  IDENTIFIED  IN  EXPLOSIONS 
IN  AIR 


MOLECULAR  (NEUTRALS  AND  IONS) 


c3 

CH 
C  H* 
CN 
CN4 
CO 


CO+ 


Nz 


N2 

NH 

nh2 

NO 


OH 

OH+ 


vioiet 

Angstrom,  Asundi,  Herzberg,  Third  Positive,  Triplet 
Baldet  -  Johnson,  Comet  -  toil 

Gaydon  ( a,  0,  Y, )  Le  Blanc  -  Tanaka  -  Jurso,  Second  Positive,  Vegard  - 
Kaplan 

First  Negative,  Meinel 


0,  Ogawa 

Broida  -  Gaydon,  Chamberlain,  Herzberg,  Schumann  -  Runge 
First  Negative,  Second  Negative 


ATOMIC  (NEUTRALS  AND  IONS) 


A! 

Li 

Bo 

Mg 

Ba+ 

N  (forbidden) 

Ca 

No 

Ca+ 

Ni 

Co 

O  (forbidden) 

Cr 

Rb 

a 

Sr 

Fe 

K 


A-39 


NOLTR  69-74 


TABLE  A -4  PV-I  MEASUREMENTS  OF  SPHERiCAL  EXPLOSIONS 


AMPLITUDE  (VOLTS) 

; 

AVER.  TIME 

TIME  TO  DECAY  i 
1/2  PEAK  (  M  SEC) 

ro 

i 

SHOT 

BAND 

BAND 

BAND 

BAND 

TO  PEAK 

BAND 

BAND 

BAND 

BAND 

NO. 

VIEW 

0 

1 

2 

3 

(MSEC) 

0 

1 

2 

3 

PEN 

1 - 1 1 - 1 

TOLITE  EXPLOSIONS 

49 

HEAD-ON 

0.54 

0.53 

5.0 

28.5 

34.1 

! 

50 

HEAD-ON 

0.48 

0.57 

6.0 

22.4 

38.9 

52 

HEAD-ON 

0.34 

0.37 

0.48 

7.2 

23.2 

25.4 

29.2 

65 

HEAD-ON 

0.34 

0.48 

0.60 

0.61 

6.2 

24.2 

34.1 

45.9 

77 

HEAD-ON 

0.29 

0.42 

0.47 

11.4 

14.6 

16.8 

13.8 

14.6 

78 

HEAD-ON 

0.18 

0.32 

0.49 

0.42 

10.1 

13.0 

14.4 

16.4 

23.4 

75* 

HEAD-ON 

0.53 

0.58 

0.50 

0.52 

10.0 

39.7 

62.5 

78.1 

85.0 

82 

SIDE-ON 

0.08 

0.16 

0.23 

0.28 

12.7 

19.0 

20.1 

21.0 

23.4 

83 

SIDE-ON 

0.07 

0.13 

0.19 

0.27 

10.0 

22.3 

22.9 

22.4 

24.8 

89 

SIDE-ON 

0.02 

0.05 

0.10 

0.17 

4.7 

8.0 

8.6 

8.8 

9.3 

90 

SIDE-ON 

0.01 

0.02 

0.04 

0.08 

3.9 

6.9 

6.4 

7.6 

j 

i 

TNT 

EXPLOS 

IONS 

66 

HEAD-ON 

0.20 

0.34 

0.44 

8.0 

30.0 

34.0 

36.0 

72 

HEAD-ON 

0.30 

13.0 

120.0 

! 

(N  N 

1+  TNM) 

EXPLOSI 

IONS 

! 

i 

56 

HEAD-ON 

0.22 

0.28 

0.42 

11.3 

15.3 

13.6 

16.1 

58 

HEAD-ON 

0.20 

0.2? 

0.41 

14.3 

15.4 

14.3 

17.2 

67** 

HEAD-ON 

0.65 

0.75 

0.69 

15.8 

22.0 

23.2 

RDX 

:  EXPLOS 

.IONS 

53*'* 

HEAD-ON 

1 

0.36 

0.46 

3.4 

6.0 

6.2 

54*** 

HEAD-ON 

0.16 

0.22 

0.31 

0.39 

2.6 

4.7 

5.2 

5.6 

5.5 

55 

HEAD-ON 

0.17 

0.23 

2.0 

8.1 

8.3 

57 

HEAD-ON 

0.47 

0.53 

0.54 

4.4 

14.3 

17.7 

18.9 

60 

HEAD-ON 

**** 

0.52 

0.61 

0.59 

4.1 

13.4 

16.8 

20.2 

61 

HEAD-ON 

*  jr** 

0.39 

0.51 

0.52 

4.1 

7.2 

li.2 

15.8 

63 

HEAD-ON 

0.05 

0.51 

0.60 

0.57 

4.7 

15.6 

19.2 

?3.6 

64 

HEAD-ON 

0.12 

0,54 

0.63 

0.63 

4.7 

4.8 

17.0 

22.6 

25.?' 

68 

HEAD-CN 

**** 

0.47 

0.55 

0.52 

3.6 

17.3 

20.8 

26.6 

79 

HEAD-ON  | 

0.31 

0.55 

0.72 

0.89 

3.2 

10.7 

12.7 

13.0 

13.7 

91 

SIDE -ON 

0.02 

0.05 

0.08 

0.14 

3.8 

6.1 

7.3 

7.3 

7.0 

96 

SIDE-ON 

0.03 

0.08 

0.12 

0.13 

3.5 

5.8  i 

6.7 

5.9 

7.7 

94  1 

SIDE-ON 

0.02 

0.06 

0.04 

0.08 

2.6 

5.4  | 

3.2 

6.1 

6.7 

95  1 

SIDE -ON 

0.01 

0.02 

0.04 

0.07 

2.9 

7.6 

3.3 

7.6 

| 


*  -  20%  A./Q3  odded  ****  -  Signal  jus*  delectable 

**  -  (RDX  *  TNM)  charge  t  -  20%  graphite  added 

***  -  Full  lucite  cover 


(NOMINAL)  TIME  (MSEC) 


.  ‘V  -'V*  -  v.  '  - 
>/;  >4>?r>r 
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CKARGE:5~L3  SPHERE,  SHOT  S3 
VIEW;  15''  FROM  SURFACE 
COMOmONS:  Ar  (SHOCKED)  BACKLIGHT 
ril-Y-t  TR5-X 


CHARGE:  8  -LB  PENTOLITE,  SHOT  75 
VIEW:  HEAD-ON? 

COfsBnlONS:  CAST  V/fTH  20%  AlG3 
F  !Uv.;  SHELLBURST 


F5G .  A  -2  AVCO  SPECTRA  OF  PcMTOLiTc  EXPLOSIONS 
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SPECTROGRAPH  SPECTRA  OF  VARIOUS  EXPLOSIVE  MATERIALS 


NOTE:  SCALE  MARKINGS  ARE  NOT  LINED  UP  WITH  SPECTRA 
HUGER  SPECTRA  OF  8-LB  PENTOLITE  SPHERE  EXPLOSIONS  (HEAD-ON  VIEW) 


SPECTRA  OF  VARIOUS  EXPLOSIONS  (SHELLBURST  FILM) 


LOG  INTENSITY  (WATTS/cmz-  ster  -  WAVELENGTH) 
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- PREDICTIONS  (NARDONE 

x  ET  AL) 

X  EXPERIMENTAL  VALUES: 
SHOT  74:  9-LB 
PENTOLITE  CONE 

T  =  25,000  6K  (Adjusted  to  unity  ot  4000X) 


T  =  3000  OK 


T=  10,000  °K 


WAVELENGTH  (ANGSTROMS) 


F1G.A-9  COMPARISON  OF  THEORETICAL  PREDICTIONS  FOR  SHOCKED-AIR 
RADIANCE  WITH  ESTIMATED  VALUES  FROM  SHOT  74. 
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1 1  »V>:  h  l  VlJ^  T> 
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SCOPE  A 


BAND  l  (5500  -  6350  X) 


BAND  0  (5160  -  5840  X) 


SCOPE  B 


BAND  3  (6650  -  8200  A) 


BAND  2  (60 00  -  7150  A) 


i  BLOCK  =  20  fi SEC 
TIME  -« - 


FIG.  A-10  Py-I  RECORDS  OBTAINED  ON  SHOT  64  (RDX) 

(WANDERING  OF  TRACE  AT  LEFT  IS  CAUSED  BY 
SHUTTER  CUTTING  OFF  LIGHT  TO  DETECTORS) 


SIGNATURES  OF  SEVERAL  PHOTODETECTORS  ON  J-LB  PENTOLITE  SPHERE  EXPLOSION 


NOLTR  69-7^ 


APPENDIX  E:  SECOND -SHOCK  LUMINOSITY 

The  existence  of  a  rebrightening  of  tne  explosion  fireball,  upon 
passage  of  the  second  shock,  was  first  described  by  RUDLIN  (19&7)* 

The  intense  light  from  an  explosion  was  found  to  decay  to  a  minimum 
(—1.2  millisecond  for  1-lb  sphere),  then  to  rise  to  a  second  maximum 
(weak  compared  to  the  first  output  of  light)  at  —1.8  millisecond. 
Several  possible  reasons  for  the  second  brightening  were  listed, 
auch  as  a  triggering  of  metastable  species  in  the  fireball  or  an 
increased  density  of  already  radiating  species  at  the  second-shock- 
front.  But  a  concrete  explanation  was  not  given. 

Various  efforts  have  been  made  during  these  experiments  to  obtain 
a  spectrum  of  the  second -shock  light  to  find  ifnat  species  radiated 
during  the  second-shock  passage  thi  -gh  the  fireball.  Both  photo¬ 
graphic  and  electronic  spectrographs  have  been  used.  No  useful 
spectra  have  been  obtained  —  largely  because  of  the  lew  intensity 
of  the  second -shock  light. 

One  of  the  best,  but  still  unuseable  for  identification,  spectra 
obtained  is  shown  in  Figure  B-l.  This  was  made  on  the  Cine  Spectro¬ 
graph  with  Tri-X  film.  The  charge  was  a  32-lb  rectangular  block, 
made  by  gluing  together  two  half-blocks  of  TNT  which  had  been  cast 
at  two  different  establishments. 

The  spectral  film  was  deliberately  overexposed  so  that  the  first 
few  spectra  obtained  at  earliest  times  are  unreadable.  The  first 
spectrum,  at  the  bottom  of  column  (a),  consists  of  four  stepped  views 
of  the  earliest  light  (roughly  first  100  psec) .  These  stepped  views 
were  made  by  use  of  varying  transmission  filters.  The  light  was 
intense  enough  to  record  through  100,  30,  10,  and  3  percent  filters. 
As  time  increased,  the  light  decreased  so  that,  at  about  4-5  milli¬ 
second,  only  the  100^-transmission  record  was  recorded.  The  next 
spectrum  (at  —6  millisecond)  was  barely  recorded.  Then  the  film  is 
clear  for  6-7  millisecond,  during  the  minimum  in  the  explosion  light. 
At  about  11-12  millisecond  the  rebrightening  was  strong  enough  to 
record  and  we  can  3ee  that  this  light  rose  to  a  flat  maximum,  then 
decayed  to  extinction  about  70  milliseconds  later.  It  is  remarkable 
that  second -shock  light,  sufficiently  intense  to  record  through  the 
slow  Gine  Spectrograph,  lasted  for  such  a  long  time.  The  only 
species  that  we  can  identify  in  the  second -shock  spectrum  is  sodium, 
the  D-lines  at  5$S0  and  5896  a. 


B-l 
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APPENDIX  C;  PRESSURE  AND  IONIZATION  MEASUREMENTS 

C-l:  Pressure  Signatures:  Initially,  *we  had  hoped  to  make 
pressure-time  measurements  at  close-in  distances  from  the  charges. 

But  we  soon  became  disillusioned  by  the  lack  of  reproducibility 
from  shot-to-shot  and,  especially,  by  the  differences  in  the 
signatures  on  the  same  shot  from  different  sensors  at  the  same 
distance.  We  then  used  these  "pressure"  records  only  to  indicate 
the  arrival  times  of  pressure  signals,  which  we  used  to  correlate 
with  the  motion  of  shockwaves  in  the  p -second  photography.  Because 
we  have  found  no  records  in  the  explosions  literature  of  close-in 
pressure  signatures,  we  include  here  a  bz'ief  discussion  of  our 
unsuccessful  experiences. 

In  Figures  C-l  to  C-4  we  show  some  samples  of  the  records  that 
were  produced.*  In  Figure  C-l  we  have  compared  the  standard  far-out 
blast  gage  at  DRI  —  the  tourmaline  Tulsa  Laboratory  gage  —  with 
throw-away  quartz  gages  of  different  size.  All  gages  were  placed 
along  an  arc  at  8  ac.  In  Figure  C-2  we  show  the  records  obtained 
on  Shot  55 j  the  photographs  of  which  appear  in  Figure  1  of  the  text. 

In  Figure  C-3  are  shewn  signatures  from  throw-away  gages  using 
quartz  sensors  coated  with  a  silver-chrome  layer,  on  the  TNT  series 
of  8-,  32-,  and  ICG-lb  spheres.  Finally,  in  Figure  C-4  are  shown 
samples  from  RDX  explosions  taken  at  1  a0  from  the  charge  surface. 

In  these  shots  we  (l)  compared  the  1/8-inch  quartz  sensors  with  two 
different  coatings,  silver-chrome  and  gold-chrome  and  (2)  compared 
these  sensors  with  no  sensor  at  all.  For  this  latter  comparison 
we  omitted  the  quartz  disc,  leaving  the  mi carta  holder  and  the  wiring 
and  other  details  exactly  the  same.  It  Is  rather  startling  to  see 
that  the  magnitude  of  the  signals  from  these  dummy  gages  is  comparable 
to  that  from  the  "real"  gages.  Perhaps  more  startling,  we  think,  is 
that  the  dummy  records  look  far  handsomer  than  the  "real"  record. 

Most  dummies  had  no  hole  where  the  quartz  disc  would  have  been 
placed  in  a  "real"  gage.  Upon  occasion  we  used  a  dummy  with  a  hole 
drilled  through  the  micarta  holder  —  thi3  is  such  a  record  labeled 
"Dummy  (hole)"  in  Figure  C-4. 

In  two  explosions  we  placed  l/B-inch  quartz  sensors  (Ag-Cr  coatings) 
inside  the  explosive.  The  records  on  these  shots  are  given  in 
Figure  C-5.  The  sensors  were  glued  to  the  ends  of  the  detonators 
and  the  leads  brought  out  of  the  detonator  holes  in  the  charges.  We 
knew  that  the  Engineer  Special  detonators  blew  out  the  sides  and 
not  out  the  ends  as  designed,  and  thought  that  there  was  a  fair  chance 
of  their  remaining  intact  throughout  a  long-enough  time  period. 
Apparently  the  "gages"  did  remain  intect  throughout  the  time  of  our 
records.  These  were  inserted  to  look  for  a  second  shock  leaving 
the  center  of  the  explosion. 

These  also  seem  to  be  two  shocks  on  sesne  of  the  records  from 
sensors  outside  the  explosion.  But  the  appearance  is  so  inconsistent 

*  All  except  Figure  C-2  are  tracings  made  from  ..ic  original  4-beam 
records.  These  have  been  traced  so  that  we  could  line  up  and  orient 
signatures  which  are  often  difficult  to  follow  on  the  originals. 


C-l 
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from  sensor  to  sensor  that  we  cannot  establish  the  existence  of 
multiple  shofcks  outside  the  charges  from  our  records. 

We  believe  that  there  is  little  to  learn  from  our  records  close-in 
to  an  explosion  —  except  that  much  more  needs  to  be  done  to  learn 
how  to  make  shock  pressure  measurements  in  the  midst  of  the  3trcng 
electromagnetic  fields,  ionization  and  other  effects  created  by  an 
explosion. 

C-2:  Ionization  Signatures:  Our  ionization  sensors  were  used 
to  detect  the  times  whbn  ionization  might  be  present,  not  to  measure 
magnitude  of  charge  —  a  much  more  difficult  problem.  In  Figure  C-6 
we  have  given  sample  records  from  sensors  on  the  surface  of  the 
charge.  Two  records  are  given  for  Shots  60,  6l,  and  68;  the  one 
labeled  "outside  charge"  was  glued  onto  the  outside  surface  of  the 
Incite  hemisphere  supporting  the  loose-powder  charge,  whereas,  the 
"inside  charge"  sehsor  was  placed  within  the  explosive  with  the 
midpoint  of  the  lead  disc  just  behind  the  lucite -explosive  boundary. 

Our  records  are  not  particularly  reproducible  and  often  are 
erratic.  Nevertheless,  there  does  seem  to  be  a  pattern  of  multiple 
pulses  in  them  which  is  good  enough  to  be  tabulated  in  Table  C-l. 
Despite  the  obvious  scatter  in  the  values  we  see  a 

Pulse  2  at  about  3  to  4  (t  +  t)/t 

Pulse  3  at  about  7  to  9  (t  +  t)/t 

and,  possibly,  a  Pulse  4  at  about  10  to  15  (t  +  t)/t,  where  t  is  the 
time  for  the  detonation  wave  to  cross  the  explosive  from  the  center 
to  the  outer  ourface. 

C-3:  Doppler  Microwave  Signatures:  Observations  were  made  of  a 
small  number  of  TNT,  pentolite,  and  PSTN  explosions,  both  in 
cylindrical  and  spherical  configurations.  Some  sample  records  are 
shown  in  Figure  C-7.  No  measurable  Doppler  return  can  be  detected 
on  the  PSTN  records. 

A  second  Doppler  return  can  often  be  seen  on  the  TNT  and  the 
pentolite  records,  appearing  at: 

Shot  19  -  120  psec 
Shot  22  -  70  psec 

Shot  28  -  120  psee 
Shot  29  -  140  psec. 

Since  a  Doppler  return  could  only  be  produced  by  free  electrons 
having  a  density  greater  than  10^  electrons /cnP,  these  second  pulses 
indicate  that  a  new  mechanism  for  creation  of  electrons  in  an  explosion, 
after  passage  of  the  first  airshock,  has  been  detected.  The  times 
above  appear  close  to  the  time  of  10-15  T  (where  T  =  (t  +  t)/t}  for 

C-2 
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Pulse  4  that  we  have  noted  above  on  the  ionization  gages.  We  see  no 
evidence  of  Pulse  2  or  Pulse  3  on  the  microwave  records.  Assuming 
that  these  pulses  are  real,  we  conclude  that  these  waves  of  ionization 
are  hidden  behind  a  larger  ionization  front,  whereas,  no  such  front 
masks  Pulse  4.  Doppler  signals  usually  disappeared  when  the  fireball 
growth  had  reached  5  to  7  a0. 

C-4:  Analysis :  The  records  presented  in  this  Appendix  are 
unsuitable  for  detailed  analysis.  Nevertheless  patterns  in  the 
records  from  the  ionization  sensors  and  the  microwave  sensor  cannot 
be  ignored.  In  this  section  we  use  these  patterns  to  construct  a 
new  model  for  the  creation  of  airshocks  from  an  explosion. 

There  are  two  reasons  why  such  a  new  model  is  necessary:  (1) 
although  theory  and  experiment  agree  fairly  well  for  the  first 
aii’Shock,  there  is  substantial  disagreement  for  the  second  shock 
and  for  the  contact  surface  (c.f.,  LTJTZK7);  and  (2)  the  multiple 
pulses  from  our  ionization  records  cannot  be  fitted  into  present  models. 

We  base  our  discussion  on  Figure  C--3.  Here  we  have  drawn  the 
theoretical  results  in  solid  lines  for  a  1-lb  TNT  explosion  at  ambient 
conditions  typical  of  those  at  Denver,  Colorado,  where  these  experiments 
were  performed.  We  have  omitted  experimental  data  for  the  first 
airshcck. 

We  have  labelled  the  usual  “second  shook"  in  the  computational 
results  the  Weoken  shock  —  this  tc  avoid  confusion  with  our 
multiple  shocks  to  be  discussed  shortly.  We  have  put  on  four  data 
symbols  in  the  range  30  to  100  a  for  the  Weaken asoek  values,  read 
from  the  p-t  records  published  in  Part  2,  each  symbol  being  the 
average  cf  a  number  of  values.  We  draw  attention  to  the  fact  that  the 
computed  WUNDY  curve  for  the  Wecken  shock  and  the  experimental  values 
do  not  agree. 

Next ,  we  have  put  on  data  symbols  for  the  fireball  -»  luminous 
front  —  positions  over  the  range  3  to  30  a,.,  taken  from  the  films 
of  TNT  explosions  reported  in  Fart  2,  We  d£aw  attention  to  the  fact 
that  these  dats  also  do  not  ags*ee  with  the  computed  contact  surface. 

We  try  to  patch  up  this  sodel  tc  fit-  the  experimental  results 
at  both  early  and  late  times.  We  begin  at  A»  The  transmitted  portion 
of  the  detonation  shock  proceeds  out  into  the  air,  a3  shock  1.  We 
use  the  theoretical  WUNDY  curve  here  for  shock  1  because  our  data 
cannot  supply  a  better-  curve.  Also  at  A,  a  she-oklet  begins  moving 
inward  toward  the  origin.  RNDLIN  {1961}  found  a  discontinuity  in 
the  variables  at  the  back  end  of  the  reaction  2 one  behind  the 
detonation  Shock  front  in  >.  spherical  THT  explosion.  This  discontinuity 
could  behave  like  a  little  shock.  When  the  rarefaction  rave  created 
at  the  explosive-air  boundary  by  the  detonation  shock  sleeps  inward, 
it  would  sweep  the  shoeklet  back  toward  the  origin.  During  this 

*  After  F.  Wecken,  French -German  Research  Institute,  St.  Louis,  who 
first  gave  a  theoretical  explanation  for  this  shock  often  seen 
experimentally. 
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inward  passage  the  strength  of  the  shocklet  would  increase  and  it 
would  leave  the  origin  as  a  full-fledged  shock. 

We  determine  the  inward  path  of  the  shocklet,  AB,  from  use  of 
Figure  C-5.  The  pressure  gages  of  Figure  C-5  suggest  a  rough  value 
of  30  usee  for  the  second  pulses  seen  at  the  center  of  RDX,  or  a 
speed  of  about  0,^  U,  where  U  is  the  detonation  velocity  in  RBX 
powder.  Using  such  a  speed  for  TNT,  we  obtain  B  and  connect  A  to  B 
along  a  reasonable  path  AB. 


To  find  the  outward  path  of  shock  2,  we  recall  that  the  ion  gages 
saw  Pulse  2  somewhere  between  T  =  3  to  4.  Assuming  that  the  ion 
gages  remained  sitting  at  R/a0  =  1,  we  locate  C  at  R/a_  =  1  and  T  =  3.5. 
We  connect  B  to  C  along  a  path  roughly  of  slope  2U,  since  shock  2, 
now  strong,  could  be  moving  at  speeds  not  far  below  u  in  expanding 
gases  moving  at  u  ~  U. 


To  find  D,  we  recall  the  convergent -shock  experiment  illustrated 
in  Figure  1C.  Out  of  the  small  end  of  the  cone  came  not  one  but  two 
pulses  of  gases.  The  time  of  arrival  at  the  end  of  the  cone  of  the 
second  pulse  was  such  that  it  would  have  had  to  travel,  roughly,  at 
twice  the  speed  of  the  first  pulse.  We  assume,  therefore,  that 
shock  2  moves  in  the  flow  behind  shock  1  with  a  speed  twice  that  of 
shock  1.  Using  the  computer  values  for  instantaneous  values  of  the 
speed  of  the  airshock,  we  construct  a  path  from  C,  segment  by  segment, 
until  we  arrive  at  D.  It  is  intriguing  to  note  that  D  turns  out 
at  T  =  7,  a  value  close  to  that  we  found  for  Pulse  3  on  the  ion  gages. 

If  shock  2  swept  a  surface  ion  gage  along  until  collision  with  shock 
1  at  D.  then  Pulse  3  might  be  accounted  for. 

When  shock  2  meets  shock  1,  the  main  airshock  is  formed.  By 
"main"  airshock,  we  mean  the  single  shockwave  that  has  been  observed 
and  measured  in  the  pa3t  primarily  in  a  pressure  region,  say  from 
50  to  1  psi  (roughly  30  to  200  aQ).  In  the  model  we  are  trying  to 
construct  here  ,  however,  this  main  airshock  is  not  the  result  of  a 
single  event  of  formation  but  results  from  the  mergi.ig  of  two  distinct 

*  We  must  point  out  that  a  transmitted  airshock  I 3  crucial  to  our 
model.  We  think  that  in  certain  situations  such  a  transmitted  shock 
may  not  be  formed  --  perhaps,  for  example,  in  the  explosion  of  small 
amoutf  _  ->f  explosives.  In  those  cases  our  model  cannot  hold  and 
shock  rmaticn  probably  occurs  from  amalgamation  of  the  bow  shocks 
formed  about  the  particles  of  solid  material  ejected  from  the  charge 
or  possibly  from  thermodynamic  heating  by  the  explosion  gases  or 
possibly  frcm  a  combination  of  the  two;  the  airshock  in  these  situations 
will  occur  at  a  relatively  1  ate.  point  in  the  explosion.  We  are  con¬ 
cerned  here  with  a  "proper  explosion"  in  which  an  airsnock  is  created 
at,  or  very  near,  the  explosive-air  boundary.  We  contend  that  such 
a  shock  can  be  formed  by  transmission  of  the  detonation  shock  into 
air  and  that  we  have  observed  such  shocks  on  many  of  the  117  explosions 
of  this  Investigation.  The  causes  for  failure  of  this  shock  1  to 
occur  is  another  story  for  another  time  (c.f..  Appendix  D  for  Soviet 
results  fro©  0.3-1 b  and  3.7-lb  spheres  of  Comp  B.). 
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docs  not  come  with  the  firsr  airsnouru  »n*rev  —  that  fraction 

because  shock  1  carries  only  a  small  a*o  £  g.^  the  detonatlon 

of  the  energy  available  *^  ***.*£££? the  interface  Into  air. 
shockfront  which  can  be  transm^  through  the  gaseous  sphere  created 
Shook  2,  on  the  other  hand  •  52oeld  upon  the  detailed 

^tert^of^he^asL^uSn^hat  sphere  during  its  passage 

We  now  look  for  a  P ahti  f r om  D  ^“£ao^aJhock  will°be  formed 
the  explosion.  We  ^^  ***?*_  sect  an  interface  between  shock- 
when  shock  2  overruns  shock  1  dr  ye  don’t  know  Whit 

heated  air  and  the  ^turbed  ambient  ^  ^  look  at  the 

speed  this  shock  3  will  w|cken  shock  inward  as  a  rough 

speed  that  the  computer  gives  jfj^fiW  at  increasing 

^Vthe^el^edf  S  JeachTltTouf 

hy^egme^the^inwar^pa^  at  E  mwird,  we  reaoh  F  at  T  =  M. 

Sow  T  =  13,  1*  are  times  llL^i^correct'l'hosever, 

records  and  the  microwave  records.  If  the  woaei  enomena.  An  easy 

these  similar  times  cannot  •«™£**°* a  pulse 
interpretation  a oes  d  the  detonator  shell  is 

when  the  path  between  the  ^  dlsc  wa3  swept  out  by  shock  2 

sufficiently  conducting.  J*  thJ  o  mizht  carrythe  disc  inwards 

to  B  or  its  neighborhood,  tnen  J^ck  3  might  carry  ™  ft  movlng 

toward  E.  Meanwhile  the  detonator  .^11  ha^  pro  /  16%e  sufficient 
outward.  Sane  where  ^ 10  to  15.  On  the  other  hart, 

to  trigger  Pulse  4  ™  ^  ^  not  &  seen  by  the  Doppler 

this  sort  of  motion  by  the  _ead  ai  Been  only  shock  x, 

microwaves.  Until  D  the  micro  -  gh  or  possibly,  the 

assuming  that  its  electron  den^  ***  1 “SgSSc!  with  shock  1.  Upon 
late  stages  of  shock  2  before  collision  value.  Tt  seems 

rels^rab^tf  ass^eFtha?1his\s  the  shock  seen  by  the  microwaves 
al  l  aacond  |ulse,  as  It  moves  outward  from  F. 

Flna  ay,  we  must  con=*™°a  ^'^OT^fsages  after  the  main  shock 
air  where  it  will  be  readily  detected  on  P  *  |a|  Frcn,  mjr,s  0f 

as  the  Wecken  or  the  ^econd  shock  We  star^ab  «.  at  T  _  b6o 

th»  TNT  fireball  we  noce  that  tnere  seem  r,»3sace  of  shock  3 

and  26  to  30  aQ,  which  *e  assume  to  re: exoerimental  Scords  of  Part  2 
out  of  the  fireball,  rfe  know  from  th  *®J^reg  rvn  apout  1/10  the 
that  the  Wecken-shock  pressures  at  P  ~  d  of  shock  3  must 

main-shock  pressures,  So  we  assume  that  tho  speed^r^n^  J  ^ 

be  about  1/3  the  speeo  of  the  main  alrshoc  ^  fo£  instantaneous 
SSST^STi.  -gm^e^the^thjf  shock  ^ outward ..along  ®. 
!££&££  we  ^  simply1  c  onne  c  t  °  the  *  path  of  ?,  completing  PG  and  the 
model. 
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We  can  wonder  —  why  hasn't  the  collision  of  shocks  3  and  2  to 
form  the  main  airshock  been  detected  before?  As  far  as  p-t  records 
go,  very  few  records  have  been  made  so  close-in  to  a  charge  (we 
estimate  that  the  collision  takes  place  about  5  a0).  And  if  the 
records  looked  like  ours  do  here,  interpretation  would  have  been 
impossible.  As  far  as  films  go,  the  overtaking  cannot  be  seen  on 
explosives  containing  TNT  --  the  fireball  opacity  is  simply  too  high. 

We  have  looked  hard  at  films  from  RDX  and  PETN  with  less  fireball 
opacity  for  seme  sign  of  shock  2.  We  have  not  found  a  directly 
observable  shock  2,  except  possibly  in  one  film  from  pETH.  Perhaps 
the  high  temperature  of  the  plasma  that  shock  2  travels  through  destroys 
any  chance  for  visualisation  of  shock  2.  Or,  perhaps,  we  just  haven't 
had  the  right  combination  of  elements  in  our  experiments.  We  have 
observed  shock  2  indirectly:  surges  in  the  luminous  fronts  of 
certain  shots  can  be  detected  in  the  radius -time  data  of  Figures  7a-c. 

C-5:  Summary :  In  this  new  model,  three  distinct  and  separate 
shockwaves  take  part.  Shock  1  results  from  the  transmission  of  the 
detonation  shockfront  across  the  explosive-air  interface  into  air 
(c.f.,  Part  l).  At  the  time  of  this  transmission  another  wave  (in 
addition  to  the  rarefaction  wave)  starts  to  move  inward.  This  w?*re 
(a  shoeklet)  may  result  from  the  discontinuity  that  exists  at  the 
Chapman- Jouguet  boundary  behind  the  detonation  wave,  separating  the 
region  of  non- i sent ropic  chemical  reaction  from  the  region  of  sub¬ 
sequently  ise'ntroplc  flow.  After  converging  to  the  origin  this 
wave  becomes  strong,  shock  2,  and  moves  outward  to  overtake  shock  1, 
somewhere  in  the  neighborhood  of  5  ac  from  the  original  explosive 
surface.  Thereafter,  the  two  merged  shocks  move  off  together  as 
the  "main  airshock". 

Because  of  the  boundary  conditions  at  the  time  of  overtaking,  a 
new  wave  is  created  which  will  move  inward  toward  the  origin. 

After  reflection  at  the  origin  this  wave,  shock  3,  moves  outward, 
tagging  along  behind  the  main  airshc^’c  as  the  "second  shock",  or 
as  we  prefer  to  rename  it:  the  Wecken  shock. 
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1  BLOCK 

TULSA  GAGE:  20*/&L0CK 
1/4-INCH:  O.5v/TJLOCK 
50  fi  SEC/BLOCK  1/2-INCH:  1  .Ov/BIOCK 

1/8-INCH:  0.2v/8lOCK 


FIG.C-1  PRESSURE-TIME  SIGNATURES:  SHOT  44  (8-LB  PENTOLiTE  SPHERE)  SENSORS  AT  8a0 
(7  CHARGE  RADII  FROM  SURFACE) 
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SCOPE  A 


IONIZATION  SENSOR 

PRESSURE  SENSOR 
PRESSURE  SENSOR 


E 


20^  SEC 


SCOPE  B 


Py-I 

DUMMY  PRESSURE  SENSOR 

DUMMY  PRESSURE  SENSOR 
RF  SIGNAL 


FIG.  C-2  SAMPLE  RECORDS  OBTAINED  ON  SHOT  55  WITH  4-BEAM  OSCILLOSCOPES 
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FIG.C-4  PRESSURE -TlVf  SIGNATURES:  RDX  EXPlOSJC 
0  CHARGE  RADIO'  FROM  SURFACE) 


:OTS  55,  58)  SENSORS  AT  2  a*, 
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OUTSIDE  CHARGE 
INSIDE  CHARGE 


>  SHOT  60 


A.  SDX  EXPLOSIONS 


T ;-V£  - - 20  p.SEQ 


SAMP!*  SCNf£A-SOM  SIGNATURES  FOR  RDX  AND  PENTOUTE  EXPLOSIONS 


COMPARISON  01'  THEORY  AND  EXPERIMENT 
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APPENDIX  D:  SOME  COMPARISONS  OP  CLOSE-IN  AIRSHCCK  MEASUREMENTS  WITH 
SOVIET  RESULTS 


The  most  nearly  comparable  investigations  of  which  we  are  aware 
to  those  reported  here  were  reported  by  ADUSHKIN  1961  and  ADUSHKIN  1953. 
It  is  of  some  interest  to  make  comparisons. 

In  both  papers  Adushkin  aimed  at  (l)  extending  the  empirical 
formulas  of  Savdovskii  for  peak  pressure,  impulses,  positive  duration, 
etc.  from  the  low-pressure  region  of  validity  into  the  region  of  high 
pressures  and  (2)  determining  how  well  the  theoretical  point-source 
solutions  for  an  explosion  (which  are  extremely  popular  with  Soviet 
investigators)  describe  the  shock  from  a  chemical  explosion. 

In  1961,  Adushkin* s  results  were  obtained  from  0.3-lb  spheres 
of  cast  50/50  TNT -hexogen  (which  we  take  to  be  Comp  B)  with  piezo¬ 
electric  p-t  gages.  Since  lie  was  worried  about  the  strength  of  his 
gages,  he  carried  out  measurements  only  up  to  5-7  aD  from  the  center 
of  the  charge.  In  the  2963  investigation,  larger  charges  were  used: 
3.7-lb  cast  Comp  B  spheres,  3.5-lb  Comp  B  pGWder  spheres  (possibly 
pressed  above  powder  density),  and  2-Ifc  spheres  of  pressed  PSTN. 

Here  he  used  p-t  gages  up  to  4  ac  but  used  the  data  only  for  arrival 
times.  Cicaer-ln,  bare  ionization  wires  were  used  to  detect  ..the 
airshoek.  Camera  (instrument  SFP.-2M)  coverage,  up  to  2  x  105  fps, 
was  available. 


Pew  records  are  show*?  in  either  paper.  In  the  ic63  report,  only 
one  oscilloscope  recording  is  given  --and  that  from 'gages  at  31.1  a„, 
despite  an  obvious  interest  kn  shock  formation  at  earlier  positions.'7 
We  suspect-  that  his  records  were,  also,  poor, 

ADUSHKIN  2961  gives  an  excellent-  description  of  the  formation 
of  an  airohook  in  the  spherical -piston  sod el.  Frcbabiy  this  model 
was  correct  for  the  0.3-lb  spheres,  which  we  think  were,  probably, 
too  iiinall  to  produce  a  transmitted  airsheck.  Adushkin.  however, 
appears  to  hsve  proposed  Ms  piston  model  for  all  HE  exolosic-na. 
with  which  disagree.  We  ouote  verbatim: 


propagating  wave.  In  the  first  instant  after  completion 
of  detonation,  the  compressed  products  of  the  explcsi jn 


energy  of  these  products  of  the  explosion  decreases  as 
they  fly  apart,  owing  to  the  spherical  scatter.  But  before 
it  is  significantly  decreased  for  this  reason,  a  region 
of  sir  displaced  and  canpreased  by  the  explosion  products 
which  sro  flying  apart,  is  gradually  formed  in  front  c-f 
them.  The  products  of  the  explosion  are  thereby  slowed 
dow^  more5  and  &cre .  This  process  of  slowing  dowr.  Is 
scesrspeuiied  by  the  transmission  of  energy  from  the 
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expanding  products  into  the  aerial  shock  wave.  Apparently, 
up  to  13  to  15  &q,  the  products  of  the  explosion  practi¬ 
cally  give  all  of  their  energy  to  the  air  (to  the  shock- 
wave).  However,  the  explosion  products  continue  for  a 
certain  time  to  sustain  the  air  proceeding  from  the  front, 
until  the  pressure  in  them  islowered  to  atmospheric.  This 
is  indicated  by  the  fact  that  the  duration  of  the  compres¬ 
sive  phase  of  the  shockwave  is  more  than  tripled  in  the 
short  distance  from  11  to  13  a0." 

Information  on  the  nature  of  the  light  from  an  explosion  is 
given  in  ASUSKKIN  19^3.  We  do  not  agree  with  his  discussion.  Again, 
we  quote  verbatim: 

'"Let  us  note  that  indirect  proximity  to  the  charge, 
the  source  of  light  is  the  surface  of  the  front  of  the 
shockwave  formed  by  expanding  explosion  products.  Then 
possibly,  glow  comes  from  deeper  layers  of  turbulent  air 
behind  the  wavefront.  In  region  above  3-^  a which  is 
especially  well  seen  in  photographs,  obtained  on  the  SFR 
camera  by  method  of  stero  survey,  surface  is  bared  of  the 
products  themselves  in  the  form  of  a  rough  cloud.  However, 
it  is  possible  that  source  of  light,  nevertheless,  is  a 
thin  layer  of  air,  adjoining  the  surface  of  the  explosion 
products,  especially  so  since  temperature  of  the  air 
behind  wavefront  increases  (especially  sharp  near  contact 
surface)  while  temperature  of  the  products  themselves  is 
significantly  lower  than  temperature  of  air  behind 
wavefront  ... 

':S5nce  temperature  of  the  products,  during  their 
expansion,  is  many  times  lower  than  temperature  of  the 
compressed  air  behind  front  of  shockwave,  it  was  expected 
that  the  ionisation  probe  would  sense  difference  in 
electrical  conductivities  of  air,  compressed  in  the  wave 
and  the  products.  In  Figure  3,  results  of  measurements 
by  the  ionization  probe  of  arrival  times  of  the  products 
in  region  up  to  13  fin*  are  designated  by  crosses.  On 
recordings  of  the  ionization  probe  (Figure  lb),  the 
arrival  time  of  the  products  was  taken  as  the  moment  of 
sharp  drop  after  the  second  peak  of  the  recording.  These 
measurements  of  arrival  times  of  the  explosion  products 
coincided  with  optical  observations.  Thus,  under  the  con¬ 
ditions  of  the  experiment,  during  photographing  of  the 
intrinsic  glow  of  the  process  of  explosion  of  HE  are  recorded 
the  hottest  layers  of  air  at  the  vary  contact  surface  which 
is  the  external  layer  of  the  explosion  products." 

In  196l,  Adushkin  found  "good  correspondence”  between  his  Comp  B 
data  and  the  predictions  of  SrocJ *i*  for  peak  shock  overpressures  and 

*TT.  Srode.  ’'Blast  ".'ave  from  a  Spherical  Charge,"  Phys,  Fluids  2, 
21?,  1959>  is  fer  a  T NT  explosion. 
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positive -phase  impulse.  In  1963  he  noted  a  discrepancy  between 
Brode's  contact  surface  which  "ceases  at  a  distance  of  13-14  a0,  in 
contrast  to  the  movement  of  the  explosion  products  observed  in  the 
experiments,  which  starts  at  approximately  from  5  to  7  a0."  We  are 
mystified  why  Adushkin  claims  that  the  products  start  at  5-7  aD,  when 
clearly  they  start  at  1  a0,  but  we  agree  that  theory  generally  does  not 
correspond  to  the  contact-surface  motion  (or  the  second  shock  or  any 
phenomena  after  the  main  airshock) . 

In  Figure  D-i  and  D-2  we  can  examine  the  Soviet  data  more  closely. 
We  have  taken  much  of  Figure  D-l  from  our  Figure  3,  the  WUNDY  curve 
for  pentolite  and  data  symbols  for  a  single  (cast)  Comp  B  ai-d  two  PETN 
explosions.  To  these,  we  have  added  two  curves  from  ABU3HKIN  1953; 
one  for  (cast)  Comp  B  and  one  for  PETN.  We  obtained  these  curves  from 
use  of  empirical  formulas  given  by  Adushkin,  corrected  to  DRI conditions. 
We  have  no  idea  how  he  obtained  his  curves  —  but  we  suspect  that  they 
were  obtained  by  curve-fitting  (to  his  ionisation  probe  data),  a 
procedure  that  we  think  is  unacceptable  close-in  to  an  explosion. 
Certainly  his  published  results  show  none  of  the  scatter  that  plagued 
our  data.  (The  high  value  of  -12,000  psi  at  R/a0  =  1  seems  tc  us  a 
typical  end-point  problem  with  polynomial  fits  and  not  that  Soviet 
charges  are  twice  more  powerful  chan  ours.) 

In  Figure  D-2,  we  have  combined  results  from  both  of  the 
Adushkin  papers  for  Comp  B,  again  corrected  to  DRI  conditions.  We 
have  superimposed  these  onto  WUNDY  curves  for  TNT  and  pentolite, 
simply  as  bases  for  comparison.  The  nigh-pressure  results,  are  the 
same  as  in  Figure  D-l:  we  have  extended  them  to  12  aG  in  Figure  D-2 
from  his  empirical  formulas.  There  is  a  dl?~repancy  in  the  over¬ 
lapping  region  From  —5  to  12  ar  of  Adushkin  *'s  result 3 :  the  pressures 
from  his  0.3-lb  charges  lie  well  below  his  curve  for  the  3.7-lb 
charges.  Whether  this  is  a  real  physical  difference  or  merely  a 
difficulty  in  the  -data-proeessing  we  do  not  know.  Adushkin  obtained 
his  0.3-lb  tabular  data  from  processing  r-t  data  taken  from  the  p-t 
gage  records.  These  derived  pressures  were  substantially  higher  than 
his  p-t  gage  pressures.  Adushkin  ascribed  this  difference  to  lack  of 
frequency  response  in  the  instrumentation  (channel  frequency:  20C  keps; 
natural  frequency  of  the  quartz  gages:  300  keps). 

We  note,  in  concluding,  that  the  0.3- lb  Comp  B  data  make  a 
remarkably  good  fit  to  our  theoretical  curve  for  pentolite  —  from 
about  15  a0  to  over  70  sQ. 
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FIG.  D-2  COMPARISON  OF  SHOCK  PRESSURE  WITH  RESULTS  OF  ADUSHKIN 
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